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ABSTRACT.  The  compositions  of  the  lower  oceanic  crust  and  upper 
mantle  are  investigated  using  data  from  high  pressure  experiments 
of  compressional  and  shear  wave  velocities  in  rocks.  Four  compo- 
sitional models  for  the  lower  oceanic  crust  are  considered:  l) 
partially  serpentinized  peridotite,  2)  gabbro,  3)  metabasalt  and 
metagabbro  and  U)  an  ophiolite  model  consisting  of  metamorphosed 
sheeted  dikes  overlying  late  differentiates  and  cumulate  gabbros. 
Comparisons  of  compressional  wave  velocities  (V  ) from  dredged 
ocesinic  rocks  with  layer  3 refraction  velocities  show  that  perido- 
tites  30  to  UO?  serpentinized,  unaltered  gabbro,  metagabbro  and 
metabasalt  all  have  velocities  similar  to  observed  lower  crustal 
velocities.  Thus  compressiontil  wave  velocity  measurements  alone 
will  not  distingiiish  between  the  various  crustal  models.  Although 
only  a limited  amount  of  refraction  data  on  shear  wave  velocities 
(Vs)  are  available,  it  appears  that  lower  crustal  Poisson's  ra- 
tios, calculated  from  V_  and  Vg,  are  significantly  lower  than 
measured  values  in  partially  serpentinized  peridotite  and  xmaltered 
gabbro.  In  support  of  models  3 and  1:  it  is  shown  that  Poisson's 
ratios  of  metabasalt  and  metagabbro,  on  the  other  hand,  agree  well 
with  seismic  data  from  the  upper  portion  layer  3.  The  low  PoissOn's 
ratios  reported  for  the  lower  crust  of  Iceland  (''<  0.27)  suggest 
that  metabasalt  and  metagabbro  are  abundant  constituents  of  layer  3. 
The  7.**  km/sec  layer,  often  found  between  layer  3 and  oceanic  iqiper 
mantle  in  the  Pacific  Ocean,  is  Interpreted  as  most  likely  being 
composed  of  peridotite,  10  to  20){  serpentinized,  or  feldspathic 
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peridotite.  Compressional  and  shear  wave  velocities  in  eclogite 
and  peridotite  at  appropriate  pressures  are  similar  to  oceanic 
I5)per  mantle  velocities.  An  upper  mantle  of  peridotite  or  dunite 
composition  is  favored,  however,  in  regions  where  strong  upper 
mantle  anisotropy  is  observed. 


1.  INTRODUCTION 

During  the  past  few  years  several  papers  have  been  directly  con- 
cerned with  the  petrologic  nature  of  the  oceanic  crust  and  upper 
mantle.  These  papers  have  attracted  much  scientific  attention 
because  of  the  current  interests  in  plate  tectonics  and  the  geolo- 
gical processes  operating  at  ridge  crests.  Even  though  abundant 
geological  and  geophysical  information  is  available  on  the  crust 
and  upper  mantle,  the  relationship  of  this  information  to  an  under- 
standing of  composition  is  vague.  Many  rocks  have  been  dredged 
from  oceanic  regions  which  offer  clues  to  the  petrologic  nature  of 
the  lower  levels  of  the  crust  and  the  upper  mantle.  However,  it  is 
impossible  from  geological  criteria  to  accurately  assess  whether 
; or  not  various  rock  types  are  abimdant  at  different  depth  intervals. 

Similarly,  ophiolite  suites,  which  are  believed  by  many  to  be  on 
land  exposures  of  oceanic  crust,  present  complications  because 
they  are  often  dismembered  and  when  complete  differ  significantly 
from  one  another  in  thickness,  petrology  and  internal  structure. 

Much  geophysical  information  on  the  crust  and  upper  mantle, 
including  heat  flow,  gravity  and  magnetic  data,  is  also  abstract 
and  reqxiires  deciphering  in  order  to  interpret  the  physical  signi- 
ficance of  the  measurements.  Since  the  most  direct  information  on 
the  nature  of  the  rocks  beneath  the  oceans  comes  from  seismology, 

, it  is  appropriate  to  concentrate  on  seismic  velocities  of  the  lower 

oceanic  crust  and  upper  mantle.  In  the  following  discussion  models 
of  the  mineralogical  composition  of  the  lower  oceanic  crust  and 
upper  mantle  will  be  evaluated  with  the  aid  of  experimental  data  on 
velocities  in  rocks. 


2.  SEISMIC  STRUCTURE 

Seismologists  now  recognize  several  layers  within  the  oceanic 
crust.  Average  oceanic  crustal  structure  [l]  is  often  referred  to 
in  terms  of  a three  layer  crust  in  which  the  uppermost  layer 
(layer  l)  consists  of  a thin  veneer  of  unconsolidated  to  semicon- 
solidated  sediments,  usually  less  than  1 km  thick.  Layer  2,  often 
referred  to  as  basement,  is  generally  between  1.0  and  2.5  km  in 
thickness  and  is  believed  to  consist  of  basalt  which  is  metamor- 
phosed at  its  lower  levels.  Layer  3,  immediately  overlying  the 
mantle,  is  quite  variable  in  thickness  (usually  between  3 and  6 
km)  and  at  present  is  of  unknown  composition.  Although  many  recent 
seismic  studies  have  found  a three  layered  crust,  it  now  has  become 
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Fig.  1.  Crustal  and  upper  mantle  compressional  wave  velocities. 


increasingly  apparent  that  in  many  regions  crustal  structure  is 
much  more  complicated  than  this  simple  model.  Examples  include 
crust  under  ridge  crests  [2,3]  and  the  high  velocity  basal  crustal 
layer  common  in  some  oceanic  regions  [U]. 

In  Fig.  1 crustal  and  upper  mantle  compressional  wave  velo- 
cities are  shown  in  histogram  form  for  U15  sites  located  in  main 
oceanic  basins.  In  addition,  the  average  velocities  of  Raitt 
[1]  are  shown  for  layers  2 and  3 and  the  upper  mantle.  As  can  be 
seen  from  the  diagram,  the  subdivisions  of  Raitt  still  hold,  how- 
ever many  observed  velocities  fall  outside  the  reported  standard 
deviations.  Thus  even  though  it  may  be  appropriate  to  envision 
the  oceanic  crust  as  containing  three  more  or  less  well  defined 
layers,  such  a simple  model  must  be  treated  cautiously. 

Much  less  information  is  available  on  shear  velocities  in  the 
oceanic  crust  and  the  available  data  to  1970  have  been  summarized 
by  Christensen  [5].  In  general  for  lower  crustal  velocities  be- 
tween 6.60  and  7.00  km/sec,  shear  wave  velocities  vary  from  3.61 
to  3.89  km/sec  and  calculated  Poisson's  ratios  are  between  0.25 
and  0.29.  It  will  be  shown  later  that  these  values  are  extremely 
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Fig.  2.  Petrologic  models  for  the  lower  crust  and  upper  mantle. 


important  in  interpreting  composition  from  laboratory  measurements 
of  seismic  velocities. 


3.  PETROLOGIC  MODELS  OF  THE  LOWER  OCEAMIC  CRUST 

Although  the  composition  of  the  oceanic  crust  has  been  of  consider- 
able interest  for  the  past  decade,  surprisingly  few  models  have 
been  seriously  considered  as  viable  representations  of  the  petro- 
logic nature  of  the  crust.  These  are  illustrated  in  Fig.  2 along 
with  the  average  seismic  structure  of  Raitt  [l].  It  should  be  em- 
phasized that  all  four  models  are  probably  correct  at  least  locally 
Also  it  seems  probable  that  all  of  these  models  are  greatly  over- 
simplified. However,  the  relative  abundance  of  the  rocks  given  in 
these  simple  sections  is  still  a matter  of  speculation  and  a sub- 
ject which  can  be  clarified  by  comparisons  of  seismic  refraction 
velocities  with  laboratory  measurements. 

Through  the  success  of  the  Deep  Sea  Drilling  Project,  the 
upper  portion  of  layer  2 has  been  found  to  consist  of  basalt  at 
several  localities.  The  laboratory  measured  velocities  in  these 
basalts  agree  well  with  refraction  velocities  of  layer  2 [6];  be- 
cause of  this  it  is  probable  that  basalt  is  the  abundant  rock  type 
below  the  sea  floor  sediments . It  also  apjiears  that  the  lower  por- 
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tion  of  layer  2 has  undergone  metamorphic  recrystallization  [TI. 
since  the  magnetic  anomalies  of  the  oceanic  crust  probably  origi- 
nate in  only  the  upper  half  kilometer  of  iayer  2. 

The  serpentinite  lower  crustal  model  (model  1,  Fig.  3), 
originally  proposed  by  Hess  [8],  assumes  that  the  lower  oceanic 
crust  is  generated  under  oceanic  ridges  by  hydration  of  mantle 
peridotite.  This  model  is  attractive  in  several  ways;  serpentinite 
is  simple  to  generate  at  ridge  crests  from  an  upper  mantle  composed 
of  peridotite  and  as  emphasized  by  Hess  [8]  serpentinite  is  easily 
disposed  of  at  subduction  zones  by  dehydration.  Nevertheless  this 
model  has  been  strongly  criticized  by  proponents  of  a mafic  lower 
crust,  three  different  models  of  which  are  shown  in  Fig.  3. 

Model  2,  which  assumes  that  the  lower  crust  consists  of  gab- 
bro,  has  been  proposed  in  several  papers  [1,9,10,11].  A slight 
variation  of  this  model  has  hornblende  gabbro  as  an  abundant  lower 
crustal  rock,  if  sufficient  water  is  present  during  the  crystalli- 
zation of  basic  magma  within  the  lower  crust  [12]. 

As  has  been  suggested  as  an  alternative  to  the  serpentinite 
and  gabbro  models,  [12,13,1^],  metabasalts  and  metagabbros  may  be 
abundant  constituents  of  the  lower  crust.  For  this  model  (model 
3,  Fig.  2)  gabbros  are  assumed  to  occur  within  the  lower  crust 
as  dikes  and  sills  which  have  intruded  the  metamorphics.  It  is 
usually  assumed  that  the  metamiorphism  (greenschist  to  amphibolite 
facies)  originates  at  ridge  crests  where  high  thermal  gradients 
prevail,  and  the  metabasalts  and  metagabbros  are  transported 
laterally  by  sea  floor  spreading. 

Model  U of  Fig.  2 is  based  on  rocks  from  ophiolites,  be- 
lieved by  many  to  represent  oceanic  crust  [15,16,17].  The  hard 
rock  portion  of  these  sequences  usually  begin  from  the  top  with 
pillow  basalts  overlying  sheeted  dikes.  The  sheeted  dikes,  which 
are  usually  equated  with  the  upper  portion  of  layer  3,  are  vertical 
or  near  vertical  and  often  metamorphosed  to  greenschist  and  amphi- 
bolite facies  grade.  Beneath  the  sheeted  dikes  axe  cumulate  gab- 
bros often  containing  abundant  hornblende.  Diorites,  granophyres 
and  trondhjemites , representing  late  stage  products  of  differenti- 
ation, are  common  between  the  sheeted  dikes  and  the  gabbros.  The 
lower  portion  of  the  ophiolite  column  (interpreted  to  represent 
mantle)  consists  of  an  uppermost  ultramafic  cumulate  phase,  con- 
taining abundant  dunite  and  harzburgite,  which  overlies  ultramafic 
tectonite  composed  of  harzburgite. 


1*.  LOWER  CRUSTAL  COMPOSITION 

Since  the  dominant  physical  variable  within  the  lower  crust  and 
upper  mantle  is  pressure,  experimental  studies  of  seismic  veloci- 
ties in  rocks  at  high  pressure  are  the  most  significant  for  the 
analysis  of  seismic  refraction  velocities.  Pressures  within  the 
lower  oceanic  crust  and  immediately  beneath  the  Mohorovicic  discon- 
tinuity are  usually  between  1 and  3 kbars.  Compressional  wave  velo- 
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PRESSURE,  kb 


Fig.  3.  Compressional  wave  velocities  for  saturated  and  air-dry 
basalt . 


cities  for  a sample  of  oceanic  basalt  to  I4  kbars , Illustrated  in 
Fig.  3,  show  two  important  features  of  rock  velocities.  First, 
velocities  increase  rapidly  over  the  initial  few  kilobars  increase 
in  pressure,  a finding  ascribed  to  closure  of  grain  boundary  cracks 
[18].  At  higher  pressures  grain  boundary  porosity  is  essentially 
eliminated,  and  the  velocities  are  primarily  related  to  the  elastic 
properties  of  the  minerals  within  the  rocks.  Second,  it  is  signi- 
ficant that  .ow  pressure  compressional  wave  velocities  are  higher 
if  the  rock  pore  spaces  are  water  saturated.  Since  for  most  rocks 
the  effect  of  pore  water  on  velocities  is  usually  minimal  above  1 
to  2 kbars,  water  saturation  is  an  important  variable  only  in  velo- 
city measurements  of  possible  oceanic  crustal  rocks  and  has  little 
importance  in  the  interpretation  of  mantle  velocities. 

Since  the  classic  works  of  Birch  [l8,19],  in  which  compres- 
sional wave  velocities  were  reported  to  10  kbars  for  a wide  variety 
of  igneous  and  metamorphic  rocks,  several  papers  have  presented  data 
on  velocities  in  rocks  which  are  pertinent  to  a discussion  of  crustal 
and  upper  mantle  composition.  An  extensive  listing  will  not  be  at- 
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Fig.  U.  The  range  of  observed  refraction  velocities  for  layer  3 
(stippled  area)  and  rock  velocities  at  1 kbar. 


tempted  here;  however,  in  addition  to  Birch's  papers,  much  use  will 
be  made  of  the  studies  of  Simmons  [20]  , Christensen  [5,12,21,22], 
Christensen  and  Shaw  [23] , and  Christensen  and  Ramananantoandro 
[214].  Many  of  these  papers  also  include  data  on  shear  wave  veloci- 
ties at  elevated  pressures,  which  provide  important  constraints  on 
crustal  and  upper  mantle  composition  when  combined  with  compres- 
sional  wave  velocities. 

Compressional  wave  velocities  reported  for  layer  3 are  similar 
to  laboratory  measurements  of  velocities  in  gabbro  [12,18,21],  am- 
phibolite [12,18,21]  and  greenstone  [22].  In  addition,  lower  crus- 
tal velocities  in  the  range  of  6.7  to  6.9  km/sec  agree  with  labora- 
tory measurements  in  partially  serpentinized  peridotite  containing 
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between  30  and  liO?  serpentine  [5,12].  Thus  if  only  oceanic  com- 
pressional  wave  velocity  refraction  data  are  compared  with  rock 
velocities,  all  of  the  models  illustrated  in  Fig.  3 are  probable. 

Recently  it  has  been  shown  that  the  Poisson's  ratios  (o)  of 
partially  serpentinized  peridotites  calculated  from  compressional 
(Vp)  and  shear  (Vg)  wave  velocities  from  the  relation 


2o  = 


(Vp/Vg)^  - 


are  usually  much  higher  than  values  calculated  from  lower  oceanic 
crustal  refraction  data  [5].  This  is  illustrated  in  Fig.  , in 
which  velocities  are  plotted  at  1 kbar  for  a variety  of  water  satu- 
rated rocks  from  the  ocean  floors.  Also  shown  are  lines  of  constant 
Poisson's  ratio  and  the  range  of  lower  crustal  refraction  data  for 
which  both  compressional  and  shear  wave  velocities  have  been  re- 
ported [5].  Of  importance  is  the  observation  that  Poisson's  ratios 
for  oceanic  gabbros  are  generally  much  higher  than  observed  values 
for  layer  3,  whereas  laboratory  measurements  of  a for  metabasalts 
and  metagabbros  agree  well  with  seismic  refraction  measurements. 

Thus  models  1 and  2 of  Fig.  3 are  unlikely  to  be  abundant  within 
the  oceanic  crust.  It  should  be  emphasized  that  refraction  theory 
assumes  that  layer  velocities  are  for  waves  traveling  near  the  up- 
per boundary  of  the  layer.  Thus  the  conclusion  that  the  upper  por- 
tion of  layer  3 is  metamorphic  agrees  with  models  3 and  1,  since 
the  sheeted  dikes  of  model  U are  usually  metamorphosed. 

At  present  it  is  impossible  to  distinguish  between  models  3 
and  1*  from  seismic  refraction  data;  however  the  velocity  distri- 
butions within  layer  3 of  the  two  models  should  differ  significantly. 
The  late  differentiates  of  model  1*,  which  occur  beneath  the  sheeted 
dikes,  have  very  low  velocities  [l8]  and,  if  abundant,  should  form 
a low  velocity  region  within  layer  3.  Also  Poisson's  ratio  in  the 
lower  regions  of  layer  3 should  be  high  if  cumulate  gabbros  are 
abundant . 

Crustal  studies  by  seismic  refraction  techniques  in  Iceland 
provide  abundant  data  on  crustal  values  of  Poisson's  ratios  for  the 
crust  of  this  region.  Palmason  [3]  reports  average  lower  compres- 
sional and  shear  velocities  of  6.35  km/seo  and  3*53  km/sec,  re- 
spectively, with  Poisson's  ratios  near  0.2T.  The  low  velocities, 
which  are  also  common  in  the  upper  mantle,  are  most  likely  related 
to  the  high  temperature  gradient  in  the  region.  Poisson's  ratio, 
on  the  other  hand,  shows  little  change  with  temperature;  thus  from 
Fig.  1*  it  appears  that  metabasalt  and  metagabbro  are  abundant 
within  the  lower  crust  of  Iceland. 

A high  velocity  basal  crustal  layer  with  compressional  wave 
velocities  averaging  J.k  km/sec  and  a thickness  of  about  3 km  has 
been  found  in  several  locations  in  the  Pacific  Ocean  basin  [I*].  At 
present  no  shear  velocity  data  have  been  published  for  this  layer, 
so  one  can  only  speculate  as  to  its  nature  using  compressional  wave 
velocity  measurements.  The  velocities  for  this  layer  are  in  general 
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much  higher  than  those  observed  for  amphibolite  and  gabbro.  Never- 
theless, appropriate  velocities  have  been  reported  for  specific 
directions  in  euiisotropic  varieties  of  these  rocks  [21  ].  The  most 
probable  composition  for  this  layer,  not  to  be  confused  with  "anom- 
alous mantle"  under  ridge  crests,  is  that  of  peridotite  10  to  20% 
serpentinized  or  feldspathic  peridotite,  both  of  which  have  appro- 
priate velocities.  Either  of  these  compositions  is  consistent  with 
model  3 of  Fig.  3.  Feldspathic  peridotite  does  not  occur  in  suf- 
ficient amounts  within  ophiolites  to  form  a 3 km  thick  basal  crustal 
layer.  Thus  a serpentinized  peridotite  origin  for  the  T.^  km/sec 
layer  is  the  most  favored  for  model  U. 


5.  UPPER  MANTLE  COMPOSITION 

Compressional  wave  velocities  in  the  oceanic  upper  mantle  are  gener- 
ally between  7-8  and  8.6  km/sec,  with  a mean  of  approximately  8.2 
km/sec  (Fig.  1).  The  velocities  severely  limit  permissible  min- 
eralogies, such  that  the  most  likely  upper  mantle  rocks  are  perido- 
tite eind  eclogite.  The  relative  abundances  of  these  two  rock  typ^es , i 

however,  are  still  highly  debated.  j 

Recently  Hart  and  Press  [25]  reported  lithospheric  veloci-  ] 

ties  ranging  from  U.58  to  U.71  km/sec.  Based  on  calculated  veloci- 
ties for  various  upper  mantle  petrologic  models  [26],  they  c lu- 

ded  that  the  upper  mantle  is  composed  of  an  eclogite-peridoti .e  j 

mix,  because  shear  velocities  of  1*.71  km/sec  are  higher  than  that 
of  peridotite.  This,  however,  does  not  agree  with  laboratory  meas- 
urements of  shear  wave  velocities  in  fresh  peridotites  and  dunites 
[2l*,27],  which  show  that  at  pressures  of  6 to  10  kbars  unaltered 
peridotites  have  shear  velocities  between  U.6  and  U.8  km/ sec.  Sim- 
ilar shear  velocities  have  been  reported  for  eclogites  [27].  Thus, 
in  contrast  with  lower  crustal  studies,  shear  velocities  are  of 

TABLE  1.  Compressional  wave  velocities  (km/sec)  and  anisotropies 
at  2 kbars 


Rock 

Highest 

Velocity 

Lowest 

Velocity 

Difference , 

% of  mean 

Reference 

Dunite  (North  Carolina] 

8.35 

7.61 

9.3 

[18] 

Dunite  (Washington) 

8.85 

7.92 

11.1 

[18] 

Dunite  (New  Zealand) 

8.25 

7.1*8 

9.8 

[18] 

Dunite  (Washington) 

8.96 

8.22 

8.6 

[28] 

Dunite  (Washington) 

8.62 

7.81 

9-9 

[21^] 

Dunite  (Washington) 

9.00 

7.70 

15.6 

[21*] 

Eclogite  (Colorado) 

8.31* 

8.23 

1.3 

[29] 

Eclogite  (Colorado) 

8.01* 

7.96 

1.0 

[29] 

Eclogite  (Japan) 

8.51* 

8.1*0 

1.8 

[29] 

Eclogite  (Japan) 

8.12 

7.88 

3.0 

[29] 
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Fig.  5.  Seismic  velocities  for  an  anisotropic  dunite  [2ii]. 


little  value  in  deciphering  upper  mantle  composition. 

The  elastic  properties  of  rocks  are  usually  considered  to  he 
isotropic,  in  which  the  elastic  responses  such  as  seismic  wave 
velocities  do  not  vary  with  direction.  Under  this  simplifying 
assumption  of  isotropy,  only  two  independent  constants  are  required 
to  completely  describe  elastic  behavior.  However,  several  recent 
investigations  have  shown  that  most  ultramafic  rocks  are  not  ade- 
quately described  by  isotropic  models,  but  require  anisotropic 
elastic  descriptions. 

Compressional  wave  velocities  and  associated  anisotropies 
at  high  pressure  for  several  ultramafics  and  eclogites  are  given 
in  Table  1.  As  was  originally  shown  by  Birch  [l8,19],  the  strong 
variation  of  compressional  wave  velocity  with  propagation  direction 
in  ultramafic  rocks  is  related  to  preferred  olivine  orientation. 
Single  crystal  olivine  is  highly  anisotropic  with  a maximum  com- 
pressional wave  velocity  of  9-9  km/ sec  for  propagation  parallel  to 
the  ^ crystallographic  axis  and  a minimum  velocity  of  7.7  km/sec 
for  propagation  parallel  to  the  ^ axis.  More  recent  studies  of 
seismic  anisotropy  [2U ,28,29]  have  shown  that  the  degree  of  prefer- 
red mineral  orientation  controls  the  magnitude  of  the  anisotropy. 
Also,  studies  of  shear  wave  propagation  in  olivine  bearing  ultra- 
mafic  rocks  have  found  that  shear  wave  velocities  within  rocks 
with  strong  fabrics  vary  with  displacement  direction  as  well  as 
propagation  direction  [2i*,30].  These  relationships  and  the  magni- 
tude of  anisotropy  for  a specimen  of  dunite  with  strong  olivine 
orientation  are  illustrated  in  Fig.  5. 
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Detailed  seismic  refraction  studies  of  the  upper  mantle  in  the 
northeast  Pacific  [31,32,33]  have  clearly  shown  that  compressional 
wave  velocities  vary  significantly  with  azimuth,  the  highest  velo- 
cities being  normal  and  the  lowest  parallel  to  ridge  crests.  The 
magnitude  of  the  anisotropies  are  usually  between  0.3  and  1.0  km/sec, 
in  agreement  with  many  laboratory  measurements  in  olivine-rich 
ultramafics . 

It  is  significant  that  eclogites,  in  general,  do  not  show  the 
strong  anisotropy  characteristic  of  msmy  ultramafics  [18,27,3^]. 

Thus  the  observed  anisotropies  in  the  Pacific  are  most  likely  ac- 
counted for  by  dunite  and  peridotite  with  preferred  olivine  orien- 
tation. Upper  mantle  seismic  velocities  in  other  oceanic  regions, 
however,  which  do  show  anisotropy  may  very  well  be  accounted  for  by 
an  eclogite  model. 
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16.  VELOC  ITIKS  OF  C OMPRESSIONAL  AND  SHEAR  WAVES  IN  DSDP  LEG  27  BASALTS 
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Department  of  Geological  Sciences,  University  of  Washington,  Seattle,  Washington 


INTROUUC  TION 

Two  holes  drilled  during  Leg  27  into  basalt  achieved 
significant  penetrations  of  38.5  meters  at  Site  259  and 
47.5  meters  al  Site  261.  Compressional  and  shear  wave 
velocities  have  been  measured  to  hydrostatic  pressures 
of  6.0  kb  for  five  basalt  samples  from  Site  259  and  seven 
basalt  samples  and  one  interlayered  limestone  from  Site 
261.  The  experimental  technique  used  to  obtain  the 
velocities  is  similar  to  that  described  by  Birch  (I960), 
with  the  important  exception  that  samples  were  water 
saturated  prior  to  the  measurements. 

The  purposes  of  this  study  were  to:  (a)  investigate 
variations  in  velocities  and  related  elastic  properties  of 
basement  rocks  from  each  site,  (b)  determine,  if  possi- 
ble, if  velocity  gradients  exist  in  the  uppermost  portion 
of  Layer  2.  (c)  compare  velocity-density  relations  of  Leg 
27  basalts  with  similar  Atlantic  and  Pacific  data,  and 
(d)  compare  the  laboratory-measured  velocities  with 
seismic-refraction  velocities. 

Samples  259-35- 1 , 128-131  cm  and  259-36-2,  66-70  cm 
are  altered,  pale  green,  fractured  basalts  with  inter- 
granular to  intersertal  textures.  The  fractures  are  healed 
with  dark  green  to  reddish-brown  vein  fillings  and  white 
carbonate.  Samples  259-37-2,  105-109  cm  and  259-39-1, 
135-138  cm  (basalts)  are  both  highly  weathered,  fine 
grained,  and  dark  grayish-green  in  color. Sample  259-41- 
3,  53-56  cm  is  similar  in  texture  to  the  overlying  basalts, 
but  is  slightly  coarser  grained  and  highly  vesicular. 

Sample  261-33-1,  55-59  cm,  the  uppermost  basalt  of 
Site  261,  contains  highly  altered  plagioclase  and  pyrox- 
ene with  a variolitic  texture.  Samples  261-33-1,  131-134 
cm  and  261-34-3, 69-73cm  were  obtained  beneath  a half- 
meter-thick layer  of  recrystallized  limestone  (Sample 
261-33-1,  67-71  cm),  from  a 1 0-meter-thick  sill  of 
relatively  fresh  coarse-grained  basalt  with  a variolitic- 
lextured  groundmass  containing  clots  of  larger 
plagioclase  and  pyroxene  crystals.  Sample  26 1 -35-3. 84- 
87  cm  (basalt)  is  a medium-grained,  highly  altered  rock 
with  a variolitic  texture.  This  sample  may  represent  the 
lower  portion  of  the  sill,  or,  perhaps  it  is  part  of  an 
underlying  flow  which  has  been  altered  by  the  intrusion. 
The  lowest  three  samples  studied  (261-37-2,  92-95  cm; 
261-38-2,  23-26  cm;  and  261-38-5,  94-97  cm)  are  all 
extremely  fine-grained  basalts  with  felty-textured 
groundma.sses.  Alteration  appears  to  decrease  with 
depth  in  these  three  samples. 

DATA 

Bulk  densities,  obtained  from  the  weights  and 
dimensions  of  cylindrical  samples,  and  compressional 
and  shear-wave  velocities  are  given  in  Table  I . Velocities 
were  measured  in  only  one  core  from  each  sample,  since 
previous  velocity  studies  (Christensen  and  Salisbury, 


1972;  1973)  have  demonstrated  low  anisotrophy  in 

other  basalts  from  the  DSDP  samples,  and  petrographic 
examination  of  thin  sections  cut  from  the  Leg  27 
samples  showed  no  evidence  of  strong  preferred  mineral 
orientation.  For  all  samples  included  in  the  present 
study,  wave  propagation  directions  were  parallel  to  the 
hole  axes. 

The  samples  were  water  .saturated  and  100-mesh 
screens  were  placed  between  the  samples  and  copper 
jackets  to  obtain  minimal  pore  pressures  during  the 
runs.  Several  studies  (e.g.,  Dortman  and  Magid,  1968; 
Nur  and  Simmons.  1969;  and  Christensen.  1970;  1973) 
have  shown  significant  increases  in  compressional  wave 
velocities  at  pressures  below  approximately  2 kb  after 
water  saturation.  This  is  illustrated  in  Figure  I where 
compressional  wave  velocities  were  obtained  from  the 
same  core  of  basalt  under  saturated  conditions  and 
again  after  the  sample  had  been  air  dried  at  room 
temperature  for  several  days. 

Ratios  of  compressional  to  shear  velocities  (Vp/Vj. 
Poisson's  ratios  (d),  seismic  parameters  (0).  bulk  moduli 
(K).  compressibilities  (d),  shear  moduli  {ft).  Young's 
moduli  (H),  and  Lame's  constants  (A)  calculated  from 
the  densities  and  velocities  are  given  in  Table  2 at 
selected  pressures. 

VHI.OdlA  -DENSriA  RELATIONSHIPS 


Christensen  and  Salisbury  (1972;  1973  ) have  shown 
that  compressional-  -u  I shear-wave  velocities  of  basalts 
in  DSDP  samples  sho  v excellent  correlation  with  bulk 
density.  The  leg  27  basalts  show  a range  of  densities 
from  2.081  g/cc  to  2 997  g/cc.  w ith  corresponding  com- 
pressional-wave  velocities  of  3.47  km/sec  and  6.50 
km/sec.  respectively.  The  range  of  shear  wave  velocities 
is  from  1 .78  km/sec  to  3.61  km /sec.  The  extremely  wide 
range  of  densities  for  these  rocks  results  primarily  from 
the  variation  in  stages  of  weathering  apparent  in  the 
samples. 

In  Figures  2 and  3 compressional  and  shear  wave 
velocities  measured  at  0.5  kb  are  plotted  against  density 
for  12  Leg  27  basalt  samples  together  with  45  points 
from  the  Atlantic  and  Pacific  oceans  compiled  by 
Christensen  and  Salisbury  (1973).  While  the  distri- 
bution of  points  for  Leg  27  compressional-wave  data  is 
in  excellent  agreement  with  the  Atlantic  and  Pacific 
point  distributions,  the  Leg  27  shear-wave  velocities 
appear  to  be  slightly  higher  for  given  densities. 

Also  included  in  Figures  2 and  3 are  least-squares 
regression  lines  computed  by  Christensen  and  Salisbury 
(1973)  on  the  basis  of  32  Pacific  data  points: 

= 3.22p- 3.55  km/sec 
V,  = 2.l5p  - 3.04  km/sec 
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TABLE  I 

Compressional  (P)  and  Shear  (S)  Wave  Velocities 


Sample 

Bulk 

1 

Velocity  (km /sec)  at  Vary 

inn  Pressures 

(Interval  in  cm) 

Density 

Mode 

■IjirH 

2.0  kb 

259-tS-l, 

2.255 

p 

3.58 

3.74 

3.81 

3.85 

3.89 

4.03 

4.24 

4.45 

128-131 

2.255 

s 

1.86 

1.90 

1.94 

1.98 

2.01 

2.15 

2.29 

2.35 

259-36-2, 

2.081 

p 

3.38 

3.44 

3.49 

3.53 

3.56 

3.70 

3.93 

4.14 

66-70 

2.081 

s 

1.68 

1.76 

1.80 

1.84 

1.88 

1.97 

2.06 

2.10 

259-37-2, 

2.430 

p 

4.22 

4.26 

4.28 

4.30 

4.32 

4.38 

4.49 

4.61 

105-109 

2.430 

s 

2.26 

2.26 

2.27 

2.28 

2.28 

2.30 

2.33 

2.34 

259-39-1, 

2.551 

p 

4.60 

4.64 

4.67 

4.70 

4.72 

4.81 

4.96 

5.11 

135-138 

2.551 

s 

2.48 

2.50 

2.51 

2.52 

2.53 

2.56 

2.61 

2.66 

259-41-3, 

2.662 

p 

4.90 

4.93 

4.96 

4.98 

4.99 

5.06 

5.17 

5.27 

53-56 

2.662 

s 

2.75 

2.77 

2.78 

2.79 

2.80 

2.83 

2.86 

2.89 

261-33-1, 

2.587 

p 

4.92 

4.96 

4.98 

5.01 

5.03 

5.10 

5.21 

5.32 

55-59 

2.587 

s 

2.61 

2.62 

2.63 

2.63 

2.64 

2.66 

2.69 

2.72 

261-33-1, 

2.676 

p 

5.50 

5.58 

5.64 

5.69 

5.73 

5.87 

6.00 

6.07 

67-71 

(Sedimentary) 

2.676 

s 

2.85 

2.89 

2.92 

2.94 

2.96 

3.02 

3.07 

3.10 

261-33-1, 

2.790 

p 

5.52 

5.54 

5.56 

5.57 

5.58 

5.63 

5.71 

5.80 

131-134 

2.790 

s 

2.83 

2.85 

2.86 

2.87 

2.88 

2.90 

2.91 

2.93 

261-34-3, 

2.997 

p 

6.48 

6.49 

6.51 

6.52 

6.55 

6.59 

6.65 

6.68 

69-73 

2.997 

s 

3.59 

3.60 

3.61 

3.61 

3.62 

3.64 

3.65 

3.66 

261-35-3, 

2.599 

p 

4.43 

4.46 

4.48 

4.50 

4.52 

4.59 

4.73 

4.87 

84-87 

2.599 

s 

2.26 

2.29 

2.31 

2.33 

2.34 

2.38 

2.43 

2.46 

261-37-2, 

2.722 

p 

5.32 

5.34 

5.35 

5.37 

5.38 

5.42 

5.49 

5.56 

92-95 

2.722 

s 

2.91 

2.92 

2.93 

2.93 

2.93 

2.95 

2.96 

2.97 

261-38-2, 

2.745 

p 

5.48 

5.49 

5.51 

5.52 

5.53 

5.56 

5.62 

5.68 

23-26 

2.745 

s 

2.80 

2.81 

2.82 

2.83 

2.84 

2.85 

2.86 

2.87 

261-38-5, 

2.800 

p 

5.75 

5.76 

5.78 

5.79 

5.80 

5.83 

5.89 

5.96 

94-97 

2.800 

s 

3.17 

3.18 

3.18 

3.19 

3.19 

3.20 

3.21 

3.22 

Salisbury,  1972;  1973).  With  increasing  depth  at  both 
sites,  weathering  effects  become  less  pronounced  (feld- 
spars and  interstitial  pyroxenes  become  less  altered,  for 
example)  and  seismic  velocities  increase.  Projecting  the 
observed  velocity  gradients  downward,  it  is  apparent 
that  weathering  extends  to  at  least  70  and  SS  meters  at 
Sites  259  and  261,  respectively.  (Beyond  these  depths,  if 
possible  effects  of  changing  lithology  or  metamorphic 
grade  are  ignored,  seismic  velocities  would  presumably 
be  that  of  fresh  basalt,  Vp  = 6.5  km/sec  and  Vs  = 3.5 
km/sec.) 

COMPARISONS  WITH  REFRACTION  DATA 

The  proximity  of  seismic  refraction  surveys  (Francis 
and  Raitt,  1967)  to  Sites  259  and  261  afford  an  excellent 
opportunity  to  compare  laboratory-measured  com- 
pressional wave  velocities  of  Leg  27  basalts  to  velocities 
determined  for  Layer  2 from  refraction  work  in  the 
eastern  Indian  Ocean.  The  locations  of  profiles  run  by 
Francis  and  Raitt  (1967)  and  the  locations  of  Sites  259 
and  261  are  shown  in  Figure  5.  A Layer-2  velocity  of 
4.98  km/sec  was  reported  for  Profile  49.  The  closest 
agreement  with  the  refraction  data  is  obtained  for  the 
basalt  recovered  from  the  37-meter  basalt  penetration 
depth  (Figure  4).  Two  profiles  were  determined  by 
Francis  and  Raitt  (1967)  near  Site  261,  but  a refracted 
Layer-2  arrival  was  not  reported  for  the  closest  profile 


While  it  appears  from  the  distribution  of  points  in  either 
figure  that  a nonlinear  solution  may  provide  a better  fit, 
it  is  apparent  that  the  linear  solutions  will  predict 
velocities  accurate  to  within  approximately  0.2  km/sec 
for  densities  greater  that  2.3  g/cc. 

VELOCITY-DEPTH  RELATIONSHIPS 

The  relatively  deep  drill  penetrations  into  Layer  2 at 
Sites  259  and  261  provide  a unique  opportunity  to 
examine  variations  in  seismic  velocity  as  a function  of 
depth  and  thus  to  measure  seismic-velocity  gradients  in 
the  upper  levels  of  Layer  2 directly. 

In  Figure  4 the  compressional- (V^)  and  shear-(V,) 
wave  velocities  of  representative  samples  from  Sites  259 
and  261  are  presented  as  a function  of  recovery  depth  in 
Layer  2.  Neglecting  the  effects  of  a sill  in  the  upper  10 
meters  in  Site  261,  both  sites  display  marked  velocity 
gradients  in  both  Vp  and  V,  (Table  3).  From  both  hand- 
sample  and  thin-section  analyses,  this  effect  can  be 
clearly  attributed  to  differential  submarine  weathering. 
The  uppermost  extrusives  at  either  site  are  profoundly 
weathered,  in  keeping  with  their  ages  (120  and  150  m.y., 
respectively).  Their  low  velocities  are  consistent  with 
both  the  velocity-density  relations  presented  in  this 
paper  and  our  earlier  findings  of  a marked  decrease  in 
density  and  seismic  velocity  of  basalts  from  DSDP 
samples  with  age  and  weathering  (Christensen  and 
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Pressure,  kb 

Figure  1.  Velocities  for  Sample  261-33-1,  55-59  cm  (basalt), 
water  saturated  (open  circles)  and  air  dry  (solid  circles). 


and  the  assumed  velocity  is  not  presented  here.  The 
compressional  wave  velocity  reported  for  Refraction 
Station  58  is  5.18  km/sec,  which  compares  most 
favorably  with  the  basalt  from  a penetration  depth  of 
about  32  meters  (Figure  4). 

The  refraction  velocities  noted  above  are  higher  than 
the  velocities  measured  in  the  uppermost  extrusive 
samples  recovered  from  Layer  2 at  each  site  (the  effects 
of  a thin  sill  at  Site  261  may  be  neglected).  The  measured 
refraction  velocities  are  lower,  however,  than  those 
predicted  from  the  velocity  gradients  of  Figure  4 for 
greater  depths.  It  is  thus  apparent  that  the  refraction 
arrivals  reported  for  these  sites  sampled  intermediate 
levels  producing  an  effective  velocity  similar  to  that 
measured  directly  in  samples  recovered  30  to  40  meters 
below  the  surface  of  Layer  2. 
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Figure  2.  Compressional  wave  velocities  versus  densities  at 
0.5  kb. 
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TABLE  2 

Elastic  Constants,  Leg  27 


Sample 

(Intenal  in  cm) 

Pressure 

(kb) 

Vp/Vs 

0 

^ 2 
(km^ec)'‘ 

K 

(Mb) 

(Mb  *) 

)4 

(Mb) 

E 

(Mb) 

X 

(Mb) 

259-35-1. 

04 

1.97 

0.33 

9.15 

0.21 

4.84 

0.08 

0.22 

0.15 

128-131 

1.0 

1.93 

0.32 

9.73 

0.22 

4.54 

0.09 

0.24 

0.16 

2.0 

1.87 

0.30 

10.01 

0.23 

4.39 

0.10 

0.27 

0.16 

f>  n 

1.90 

0.31 

12.32 

0.28 

3.52 

0.12 

0.33 

0.20 

259-3b-2 

1.96 

0.32 

7.72 

0.16 

6.21 

0.06 

0.17 

0.12 

65-70 

',.31 

7.96 

0.17 

6.00 

0.07 

0.19 

0.12 

'30 

8.39 

0.18 

5.66 

0.08 

0.21 

0.12 

0.33 

11.09 

0.24 

4.22 

0.09 

0.25 

0.18 

259-37-2. 

0.30 

11.27 

0.27 

3.64 

0.12 

0.32 

0.19 

105-109 

’.(• 

0.31 

11.69 

0.29 

3.51 

0.13 

0.33 

0.20 

2.0 

1.90 

0.31 

12.03 

0.29 

3.40 

0.13 

0.34 

0.21 

6.0 

1.97 

0.33 

13.80 

0.34 

2.93 

0.13 

0.35 

0.25 

259  39-1. 

0.4 

1.86 

0.30 

13.19 

0.34 

2.97 

0.16 

0.41 

0.23 

I3;.-138 

1.0 

1.86 

0.30 

13.71 

0.35 

2.85 

0.16 

0.42 

0 24 

2.0 

1.88 

0.30 

14.32 

0.37 

2.72 

0.17 

0.44 

0.26 

6.0 

1.92 

0.32 

16.59 

0.43 

2.33 

0.18 

0.48 

0.31 

259-11-3. 

0.4 

1.78 

0.27 

14.11 

0.38 

2.66 

0.20 

0.52 

0.24 

53-56 

1.0 

1.78 

0.27 

14.44 

0.39 

2.59 

0.21 

0.53 

0.25 

2.0 

1.79 

0.27 

14.83 

0.40 

2.52 

0.21 

0.54 

0.25 

5.0 

1.82 

0.29 

16.49 

0.44 

2.25 

0.22 

0.57 

0.30 

261-33-1. 

0.4 

1.89 

0.31 

15.42 

0.40 

2.50 

0.18 

0.46 

0.28 

55-59 

1.0 

1.91 

0.31 

15.96 

0.41 

2.42 

0.18 

0.47 

0.29 

2.0 

1.92 

0.31 

16,52 

0.43 

2.33 

0.18 

0.48 

0.31 

6.0 

1.96 

0.32 

18.33 

0.48 

2.08 

0.19 

0.51 

0.35 

261-33-1. 

0.4 

1 93 

0.32 

19.93 

0.53 

1.87 

0.22 

0.59 

0.38 

67-71 

1.0 

1.94 

0.32 

21.16 

0.57 

1.76 

0.23 

0.62 

0.41 

(Sedimentary) 

2.0 

1.94 

0.32 

22.27 

0.60 

1.67 

0.24 

0.65 

0.44 

6.0 

l.% 

0.32 

23.94 

0.65 

1.55 

0,26 

0.68 

0.48 

261-33-1. 

0.4 

1.94 

0.32 

19,87 

0.55 

1.80 

0,23 

0.60 

0.40 

131-134 

1.0 

1.94 

0.32 

20.14 

0.56 

1.78 

0.23 

0.61 

0.41 

2.0 

1.94 

0.32 

20.47 

0.57 

1.74 

0.23 

0.62 

0.42 

6.0 

1.98 

0.33 

22.00 

0.62 

1.61 

0.24 

0.64 

0.46 

261-34-3. 

0.4 

1.81 

0.28 

24.91 

0.75 

1.34 

0.39 

0.99 

0.49 

69-73 

1.0 

1.81 

0.28 

25.34 

0.76 

1.32 

0.39 

1.01 

0.50 

2.0 

1.81 

0.28 

25.73 

0.77 

1.29 

0.40 

1.02 

0.51 

6.0 

1.82 

0.28 

26.52 

0.80 

1.25 

0.40 

1.04 

0.53 

261-35-3. 

0.4 

1.95 

0.32 

12.88 

0.34 

2.98 

0.14 

0.36 

0.24 

84-87 

1.0 

1.93 

0.32 

13.07 

0.34 

2.93 

0.14 

0.37 

0.25 

2.0 

1.93 

0.32 

13.42 

0.35 

2.85 

0.15 

0.39 

0.25 

6.0 

1.98 

0.33 

15.53 

0.41 

2.44 

0.16 

0.42 

0.30 

261-37-2. 

0.4 

1.83 

0.29 

17.17 

0.47 

2.14 

0.23 

0.60 

0.31 

92-95 

1.0 

1.83 

0.29 

17.44 

0.48 

2.11 

0.23 

0.60 

0.32 

2.0 

1.84 

0.29 

17.71 

0.48 

2.07 

0.24 

0.61 

0.33 

6.0 

1.87 

0.30 

19.04 

0.52 

1.91 

0.24 

0.63 

0.36 

261-38-2. 

0.4 

1.95 

0.32 

19.64 

0.54 

1.85 

0.22 

0.57 

0.39 

23-26 

1.0 

1.95 

0.32 

19.82 

0.55 

1.83 

0.22 

0.58 

0.40 

2.0 

1.95 

0.32 

20.08 

0.55 

1.81 

0.22 

0.59 

0.40 

6.0 

1.98 

0.33 

21.18 

0.59 

1.70 

0.23 

0.60 

0.44 

261-38-5. 

0.4 

1.81 

0.28 

19.73 

0.55 

1.81 

0.28 

0.72 

0.36 

94-97 

1.0 

1.82 

0.28 

19.99 

0.56 

1.78 

0.29 

0.73 

0.37 

2.0 

1.82 

0.28 

20.24 

0.57 

1.76 

0.29 

0.74 

0.38 

6.0 

1.85 

0.29 

21.53 

0.61 

1.64 

0.29 

0.75 

0.41 
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Figure  4.  Compressional  and  shear  wave  velocities  at  0.5  kb  versus  recovery  depth  in  Layer  2. 


TABLE  3 

Compressional  and  Shear  Wave 
Velocity  Gradients 


3V^/3, 

(km /sec) 

(km /sec) 

m 

m 

Site  259 

0.041 

0.028 

Site  26 1“ 

0.038 

0.022 

^Compiled  from  deepest  three  sam- 
ples below  sill. 
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An\  pclrologic  model  of  ihc  lower  oeeanie  eruM  muM  he  eoiiMsteiil  wilh  three  sets  of  data:  (I)  the 
seismic  slruciure  of  the  oceanic  crust.  (2}  the  pelroUigs  of  oceanic  dredge  samples,  and  (3)  laboraliirs 
measurements  of  seismic  velocity  through  such  samples,  A review  of  these  data  indicates  that  within  the 
framework  of  earlier  three-layer  models  of  oceanic  seismic  structure  the  crust  is  internally  comples  and 
varies  markedly  with  age,  a/iniuth.  and  tectonic  province.  Mantle  compressional  wave  velocities  f p are 
anomalously  low  under  the  ridge  (7. 2-7, 7 km  s)  but  increase  to  K.(l-5.3  km  s beyond  1.5  ni.y.;  layer  3 
thickens  by  2 km  within  40  m.y.  of  formation  and  decreases  in  f ,,  from  (>  X to  h 5 km  s within  SO  m.y.: 
both  the  mantle  and  layer  3 are  statistically  anisotropic.  Dredge  lithologies  consist  predominantly  of 
serpentini/ed  ultramafics  and  malic  igneous  rvicks  ranging  Ironi  basalt  to  gabhro,  the  gabbro  often  show- 
ing evidence  of  fractionation.  Metamorphism  of  malic  rocks  Irom  /coble  to  amphibolite  facies  grade  is 
common.  Velocities  in  oceanic  serpentinites  and  basalts  arc  generally  lower  than  layer  3 refraction 
velocities,  llnaltered  gabbros  have  compressional  wave  velocities  ol  approvimately  7.0  km  s.  which  is 
high  for  layer  3,  together  with  shear  wave  velocities  L.  of  3.S  km  s and  values  ol  Poisson  s ratio  n of  U..3(). 
Melabasites  containing  hornblende  and  plagioclase  have  values  of  fp  (vSkm  s.  E.  3.Xkm  s.  and  o " 
0.28,  in  good  agreement  with  those  ol  layer  3.  On  the  basis  ol  petrology  and  velocity  it  is  suggested  that 
layer  3 is  composed  of  hornblende  metagabbro  underlain  by  normal  gabbro  In  a model  consistent  with 
geophysical  observations  of  heat  flow,  seismicity,  gravity,  and  seismic  structure  at  the  ridge  it  is  proposed 
that  layer  2 and  the  upper  levels  of  layer  3 form  near  the  median  valley  but  that  deeper  levels  of  layer  3 
thicken  for  40  m.y.  by  intermittent  ofl'ridgc  intrusion  led  Irom  the  underlying  anomalous  mantle. 
Ophiolites  in  such  a model  represent  segments  ol  thin  immature  ridge  crest  obducted  onto  continental 
margins  during  subduction  of  a spreading  ridge. 
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Introduction 

The  concepts  of  sea  floor  spreading  and  plate  tectonics  have 
provided  a framework  within  which  significant  advances  have 
been  made  in  understanding  the  tectonic  evolution  of  the 
ocean  basins  and  continents.  Serious  deficiencies  remain, 
however,  in  our  understanding  of  the  geological  processes  that 
create  new  oceanic  crust  at  the  ridge  crests.  One  reason  is  that 
although  the  oceanic  crust  and  upper  mantle  have  been  defined 
structurally  through  seismic  studies,  little  is  known  about  their 
mineralogic  constitution.  Only  when  sufficiently  detailed  infor- 
mation on  the  distribution  of  rock  types  with  depth,  as  well  as 
on  possible  lateral  variations  of  mineralogy  within  the  crust 
and  upper  mantle,  is  obtained  will  an  understanding  of  the 
geologic  processes  that  form  the  oceanic  crust  be  possible. 

Through  the  succe.ss  of  the  Deep-Sea  Drilling  Project 
(DSDP).  samples  representative  of  the  entire  sediment  column 
have  been  recovered  from  more  than  200  ocean  basin  sites. 
Although  basalts  have  been  recovered  from  the  underlying 
basement  at  many  of  these  sites,  only  the  uppermost  few  per- 
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cent  of  the  oceanic  crust  below  the  sediment  column  have  been 
directly  sampled  by  drilling.  The  rest  of  the  column  is  known 
only  from  dredge  samples  and  from  geophysics.  Models  of 
oceanic  crustal  structure  are  thus  based  on  and  expressed 
largely  in  terms  of  seismology,  important  constraints  being 
provided  by  dredge  sample  petrology,  gravity,  heat  flow,  and 
magnetic  data.  Not  surprisingly,  interpretations  of  these  data 
have  resulted  in  several  speculative  petrologic  models  of  the 
oceanic  crust  that  differ  significantly  from  one  another. 

This  paper  distinguishes  which  of  these  petrologic  models 
are  plausible  and  w hich  are  improbable  through  a comparison 
of  the  seismic  velocity  structure  of  the  oceanic  crust  with 
velocities  measured  in  the  laboratory  from  samples  recovered 
from  the  ocean  basins.  To  this  end,  three  sets  of  primary  data 
are  examined:  ( 1 ) oceanic  refraction  data  in  the  form  of  a new 
compilation  of  data  published  or  summarized  since  1964,  (2) 
petrologic  descriptions  of  oceanic  dredge  samples,  and  (.3) 
laboratory  velocity  measurements  of  oceanic  rocks,  many 
presented  here  for  the  first  time.  No  model  presented  in  the 
literature  to  date  appears  to  be  entirely  consistent  with  the 
constraints  imposed  by  these  data,  A petrologic  model  of  the 
oceanic  crust  satisfying  these  constraints  is  suggested.  In  addi- 
tion, a mechanism  is  proposed  by  which  such  crust  might  be 
generated  at  the  ridge  crest. 

Seismic  Structure 

Field  Technique.s 

The  last  two  decades  have  witnessed  a remarkable  increase 
in  our  knowledge  of  the  structure  of  the  oceanic  crust,  an  in- 
crease due  largely  to  seismic  refraction  studies  at  sea.  The  bulk 
of  the  data  available  from  these  studies  has  been  acquired  by 
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using  ihc  Linrcscrscd.  spin,  mul  rcscrscd  lcshnii.|ucs  dcs duped 
b\  twinf!  fl  al  |ld,17,  and  more  reeeiuls  desenbed  b\ 

tlill  |ld52|.  Shiir  lldfi.l),  and  Otfu  fr  cf  ill. 

One  ol  the  more  persislem  problems  m marine  relraelioii 
studies  over  this  period  has  been  the  proper  seleetion  vil  shot 
spaeing:  lor  operational  reasons  it  has  olten  been  dillieult  to 
provide  spaeing  elose  enough  to  deteet  lasers  that  appear  onlv 
as  lirst  arrivals  over  a limited  shiiotmg  interval.  A verv  promis- 
ing teehnii|ue  introdue'-d  bv  Siillon  el  al  liy('y|.  Mavnanl  ei 
al  lldbd|.  and  /-.Mi/ig  anil  Haulz  liyb9|  appears  to  resolve  this 
problem  bv  produeing  a marked  deerease  m shot  spaeing 
through  the  use  of  repetitive  air  gun  sound  sources, 
sonobuovs,  and  precision  echo-recording  equipment.  I he 
structural  resolution  introduced  bv  this  technique  Iseveral 
previouslv  unsuspected  lavers  are  now  often  detected) 
promises  a revolution  in  marine  refraction  studies. 

In  increasing  recognition  of  the  complesitv  of  the  oceanic 
crust  and  upper  mantle,  important  new  shooting  leehniques 
have  been  developed  for  the  studs  of  specific  problems  of 
seismic  structure,  lor  esample,  following  the  suggestion  of 
Hess  |ld()4o|  that  seismic  anisotropv  niav  exist  in  the  upper 
mantle.  Ram  el  al  ( ld7 1 1.  Keen  anil  Harrell  1 1'^?  1 1.  and  W'hh- 
marsh  (1^71 1 have  conducted  orthogonal  and  ring  survevs  at 
sea.  In  perhaps  the  most  recent  instrumental  development 
Hassling  el  al  \ |y(id|.  hranels  and  Rorler  ( I97.f  |,  C armiehael  el 
al.  [Id7.f|.  and  Lisler  anti  Lessis  lld74|  have  begun  testing  both 
recoverable  and  nonrecoverable  ocean  bottom  seismometers 
used  in  eviniunetion  with  both  eonventional  and  air  gun 
sources.  I he  unique  capabilitv  of  these  instruments  to  monitor 
both  eompressional  and  shear  waves  directly  may  be  crucial  to 
the  interpretation  of  oceanic  seismic  structure  in  terms  of 
pelrvilogy . 

Interpretation  of  oceanic  refraction  data  is  relatively 
straightforward,  and  the  results  are  generally  uncomplicated. 
It  must  be  emphasi/ed.  however,  that  such  complications  as 
velocity  gradients  and  inversions,  generally  not  incorporated 
in  determinations  of  seismic  structure,  have  been  detected  by 
means  of  amplitude  and  wave  form  analysis  {Hehnherger. 
IdbX:  Helmherger  anil  Mnrris,  l%9.  1970).  \V  here  such  com- 
pilations are  present  but  unresolved,  determinations  ol  seismic 
structure,  particularly  layer  thicknesses,  may  be  significantly  in 
error,  livaluation  of  the  importance  of  these  ellecls  and  of  the 
validity  of  refraction  determinations  of  seismic  structure  must 
await  the  results  of  additional  svinobuoy  and  ocean  bottom 
seismometer  studies,  the  general  application  of  sophisticated 
data  analysis  techniques,  and,  ultimately,  deep  basement  drill- 
ing. 

Oceanic  Kelracllan  Oala 

Compllaliims.  More  than  2(HH)  ocean  basin  refraction  lines 
have  been  published  since  the  late  I9.f0's.  Since  the  reser- 
vations outlined  above  do  not  imply  that  velocities  obtained 
from  these  studies  are  incorrect  but  that,  at  worst,  they  are 
merely  incomplete,  there  is  considerable  value  m compiling 
these  data  for  review  and  interpretation.  I or  evcellent  com- 
pilations of  this  sort  the  reader  is  referred  to  the  works  of 
McCimnell  el  al.  11966]  and  Shor  el  al.  [I971u|. 

Since  much  of  the  refraction  data  gathered  by  means  ol  new 
techniques,  as  well  as  a large  body  of  newly  available  informa- 
tion from  back  arc  basins,  has  not  been  included  in  these  com- 
pilations. it  has  been  necessary,  for  the  purposes  of  this  study, 
to  assemble  a new  compilation  of  recent  refraction  results.  To 
this  end.  refraction  velocities,  layer  thicknesses,  and  standard 


deviations  of  the  data,  tvigether  with  water  depths,  prolile 
geodetic  end  points  and  a/imuths.  instrumental  techniques, 
and  shooting  procedures,  have  been  compiled  lor  s29  ocean 
basin  sites  published  since  1964  In  addition,  an  attempt  has 
been  made  to  assign  a sea  lloor  age  to  each  site  on  the  basis  ol 
magnetic  anomalies  and  deep-sea  drilling  results,  to  classily 
each  site  in  terms  of  tectomc  provtnee  (e  g . medtaii  valley, 
ridge  Hank,  hack  arc  basin),  and  finally,  for  studies  ol  seismic 
anisotropy  and  structure,  to  determine  the  a/imuth  ol  each 
prolile  with  respect  to  nearby  fracture  /ones  and  magnetic 
anomaly  orientations  or.  for  back  arc  basins,  with  respect  to 
the  axial  trends  of  nearby  island  arcs  and  behmd-arc  ridges 
.Although  extensive  use  will  be  made  ol  this  compilation 
below,  eompressional  wave  velocity  data  will  be  presented  here- 
in summary  form  only,  since  they  can.  for  the  most  part,  be 
found  elsewhere  in  the  literature  \Le  Richan  el  al.,  I96.s:  tran- 
cis  and  Shor.  1966:  Keen  and  Loncarecic,  1966:  iMdssIg  el  al  . 
1966,  I96X,  1971.  197.1:  Francis  and  Rain.  Fenwick  el  al.. 
I96X:  Farumolo  el  a!.,  I96S.  1971:  Murauchi  el  ai.  I96X.  I97.f: 
Shor  el  al..  I96X.  I971u,  h:  Hunce  ei  al.,  1969:  Den  ei  al..  I9(i9. 
1971:  Fwing  and  Hoinz.  1969:  Helmherger  and  .Morris,  1969: 
Mauhews  e!  at  . 1969:  Bosshard  and  SlacFarlane.  1971):  Fwing 
el  al..  1970,  1971:  Hoiilz  el  al.,  1970:  Sullon  el  al..  1971: 
Fidwani  el  al..  1971:  Yoshii  ei  al.,  1973). 

Remarkably  few  determinations  of  shear  wave  velocity  Irom 
the  oceanic  crust  have  been  reported  owing  to  the  melllciency 
of  R to  A"  and  S to  R wave  conversions.  Measurements  that 
have  appeared  in  the  literature  from  profiles  in  which  both  I ,, 
and  f were  reversed  are  listed  in  Table  I.  together  with 
associated  values  of  eompressional  wave  velocity,  unit 
thickness,  and  tectonic  province.  In  addition.  Poisson's  ratio  a 
is  computed  from  each  set  of  vehicities  and  presented  in  I able 
I.  This  parameter  is  diagnostic  of  mineralogy  [Chrisiensen, 
I972ul  and  is  thus  critical  in  the  interpretation  of  refraction 
velocities  in  terms  of  petrokrgy. 

I'elocilies  and  layer  ihicknesses.  Larly  studies  by  Hill 
|I9.S7|  and  subsequent  analysis  of  numerous  refraction  proliles 
by  Rain  [ 1963]  suggest  that  the  average  seismic  structure  ol  the 
oceanic  crust  is  surprisingly  uncomplicated.  Rant's  synthesis 
of  this  structure  (Table  2)  loosely  div  ides  the  oceanic  crust  into 
three  successively  deeper  layers  on  the  basis  of  seismic 
velocities  and  layer  thicknesses,  l.ayer  I is  a thin  veneer, 
generally  less  than  I km  thick,  of  sediments  ranging  in  velocity 
from  1.5  to  approximately  3.5  km  s:  layer  2 is  a layer  of  in- 
termediate and  relatively  well  defined  thickness  (generally 
1.0-2. 5 km)  but  widely  ranging  velocity  (3.5  to  approximately 
6.4  km  s.  the  most  common  values  lying  between  4.4  and  5.6 
km  s):  immediately  overlying  the  mantle,  layer  3 is  a layer  ol 
considerable  and  highly  variable  thickness  (commonly  3,4-6  3 
km)  but  well-defined  velocity  (6. 4-7. 7 km  s.  most  values  lying 
between  6.4  and  7.0  km  s). 

As  can  be  seen  in  f igure  I.  in  which  the  observed  velocities 
from  all  415  main  basin  sites  from  the  present  compilation  arc- 
presented  in  histogram  form,  the  velocity  layering  propvised  by 
Raitt  is  broadly  confirmed.  The  general  validity  of  this  sub- 
division is  even  more  apparent  in  f igure  2a.  m which  each 
velocity  from  the  main  basin  sites  that  might  be  characteri/ed 
as  tectonically  'normal'  (data  from  such  anomalous  sites  as 
fracture  /ones,  offridge  rises,  plateaus,  and  linear  island  chains 
are  purposely  excluded)  is  plotted  against  its  associated  layer 
thickness.  In  addition,  in  f igure  2h  each  mantle  velocity  is 
plotted  as  a function  of  the  thickness  of  the  overlying  crust. 
Although  subdivision  of  the  crust  into  more  than  three  layers 
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T\Bl.l;  1.  Ot\-aiuc  Shear  Velocity  Measuremetus 
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causes  dispersal  in  the  more  recent  data,  each  ol  Rant's  crustal 
lasers,  as  well  as  the  mantle,  can  he  seen  to  occups  a dill'use 
but  clearly  distinguishable  velocity-thickness  licld. 

■As  important  as  such  crustal  averages  are,  it  is  equally  im- 
portant to  note  that  information  can  be  lost  in  the  averaging 
process.  By  way  of  example,  if  the  matter  of  oceanic  scdimeni 
thickness  had  been  pursued  no  further  than  a compilation  ol 
Its  mean,  its  striking  dependence  upon  sea  floor  age  [Ewing 
and  Ewing.  1967)  would  have  remained  undetected.  It  is  thus 
appropriate  to  point  out  the  wide  ranges  in  velocity  and 
thickness  included  even  within  the  standard  deviations  de- 
scribing the  mean  oceanic  crustal  layers  and  to  inquire  as  to 
the  causes  of  these  departures  from  the  mean. 

Warialions  with  age.  Several  authors  have  suggested  that 
the  seismic  structure  of  the  oceanic  crust  varies  systematically 
with  age.  The  mvtst  pronounced  of  these  variations,  and  the 
least  contested,  is  a marked  increase  in  the  thickness  of  layer  .f 
and  the  total  thickness  of  the  crust  with  age  [Le  Pichon  ei  a!.. 
1965;  Le  Pichon.  1969;  Go.'ilin  el  al..  1972):  it  has  further  been 
suggested  that  layer  2 thins  somewhat  with  age  [Le  Pichon. 
1969)  and  decreases  in  velocity  [C'hrixien.sen  and  Sali.shurv. 
1972.  I97.T  Han.  1972). 

To  examine  these  questions  and  to  determine  the  cause  of 
the  wide  ranges  of  thickness  and  velocity  observed  for  the 


TABLi.  2.  Averaiie  Oceanic  Crustal  .Structure 
l.at'tcr  19IkV) 


Ve  loci  ty  Vp, 
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Mant I c 

8.15  ‘ 0.24 

oceanic  crustal  layers,  main  basin  refraction  velocities  and 
layer  thicknesses  from  normal  oceanic  sites  that  can  be  dated 
are  examined  as  a function  of  age  (f  igures  .2  and  4).  Since  it  is 
difficult  to  assign  the  numerous  ob.served  refraction  velocities 
falling  outside  the  layer-defining  standard  deviations  to  a par- 
ticular layer  and  since  it  i.s  equally  difficull.  for  tho.se  cases  in 
which  subdivisions  of  a given  layer  are  observed,  to  decide 
which  velocity  is  characteristic  of  a layer,  the  noncommilal  ap- 
proach of  plotting  velocities  in  histograms  appropriate  to  their 
ages  has  been  taken  in  figure  .T  Changes  in  velocity  with  age 
will  thus  be  seen  in  this  figure  as  differences  in  form  between 


fig  I 
from  4 1 
pression 
lasers  2, 


5 6 

Vp  (km/s) 

Histogram  of  compressional  wave  refraction  velocities 
5 main  ocean  basin  sites.  Superimposed  are  mean  com- 
nl  wave  velocities  and  standard  deviations  ol  velocity  lor 
.2.  and  the  mantle  as  computed  by  Haiti  jldp.lj 
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t If!  ’ (ul  ( ompresMonal  nase  rclruclion  sclocilies  versus 
.ivMicijlcd  laser  thicknesses  I'riim  normal  main  ocean  hasm  sites,  ih) 
Mantle  compressional  wave  selocils  sersus  cumulatise  thickness  ol 
iiserKme  crustal  la,\ers  Open  circles  indicate  1 observation:  solid 
circles,  ’ obsers alions:  solid  triangles.  3 observations:  solid  squares,  4 
observations:  solid  diamonds.  ,3  observations. 


hislogrants.  Two  such  changes  are  readiJv  apparent.  (I) 
’Anomalous  mantle'  refraction  velocities  ranging  between  7 I 
and  7.x  km  s are  frequentiv  observed  in  young  crust  but  are 
almost  absent  in  crust  more  than  40  m.v.  old.  W hen  velocities 
of  this  range  are  present,  normal  mantle  velocities  are  usually 
absent,  and  layer  .3  velocities  are  missing  or  slow.  It  should  be 
pointed  out  that  the  presence  of  this  phenomenon  is  spotty 
even  m young  crust;  an  equal  number  of  sites  ttre  found  with  a 
normal  seismic  structure.  (2)  Velocities  in  the  range  b.7-b.y 
km  s (i.e..  the  range  of  velocities  commonly  regarded  as  most 
characteristic  of  layer  .3)  are  seen  to  dominate  lower  crustal 
velocities  in  young  regions  but  are  virtually  absent  in  crust 
more  than  XO  m.y.  old.  being  replaced  by  a bimodal  distribu- 
tion of  velocities  centering  around  peaks  at  b.5  and  70  km  s. 
As  to  the  suggestion  that  layer  2 velocities  decrease  with  age. 
l igure  .3  is  inconclusive  owing  to  data  dispersal  caused  by  the 
introduction  of  velocity  subdivisions  in  layer  2 in  recent  data 
tncluded  in  the  ligure.  Histograms  of  layer  2 velocities  Irom 
standard  three-layer  models  of  oceanic  crustal  structure  con- 
tinue to  show  few  observations  of  high  velocity  in  layer  2 in  old 
crust,  a finding  consistent  with  a downward  shift  in  velocities 
with  age. 

If  the  thicknesses  of  layers  2 and  .3  are  plotted  as  a function 
of  age  ( l igure  4).  layer  2 is  seen  to  decrease  slightly  and  layer  .3 
to  increase  markedly  in  thickness  with  age  (from  I.X  to  l.,35 
km  and  from  .3.0  to  4.X  km.  respectively)  to  about  40  m.v.. 
beyond  which  time  little  change  is  observed.  Although  both 
observations  tire  consistent  with  those  of  Le  Pichon  \ I9b0|  and 
although  the  observation  that  layer  .3  thickens  with  age  is 
almost  certainly  valid,  the  statement  that  layer  2 thins  with  age 
IS  misleading  without  further  clarilication.  The  majority  of  the 


young  sites  examined  in  this  ligure  do  not  display  an  abnor- 
mally thick  layer  2.  A small  number  ol  young  sites,  luiwever. 
have  layer  2 thicknesses  that  are  two  to  three  times  normal, 
and,  as  a consequence,  the  average  thickness  is  slightly  greater 
than  that  of  old  crust.  An  alternative  and  attractive  inlerpreta- 
lion  of  the  data  is  not  that  layer  2 is  abnormally  thick  but  that 
layer  .3  velocities  are  strongly  depressed  at  these  sues,  these 
depressions  causing  layer  .3  to  be  geophysically  in- 
distinguishable from  layer  2 and  thus  added  to  its  base  It  is 
notable  in  this  connection  that  young  sites  displaying  such  ap- 
parent thickening  also  display,  almost  invariably,  anomalous 
mantle  velocities.  It  is  thus  felt  that  abnormal  layer  2 
thicknesses,  a thin  or  absent  layer  .3,  and  the  presence  ol 
anomalous  mantle  velocities  are  interrelated  phenomena  at 
many  young  sites.  The  plate  tectonic  setting  of  these  sites,  their 
spotty  geographic  distribution,  and  their  unusual  structure 
suggest  that  they  may  be  sites  of  active  intrusion. 

Menard  11967]  and  Shor  el  al  |l97luj  have  suggested  alter- 
natively that  variations  in  layer  2 thickness  are  associated  with 
variations  m spreading  rate,  layer  2 being  thickest  at  sites  ol 
slow  spreading.  Although  this  suggestion  is  attractive,  il  is 
difficult  to  ev  aluate.  The  argument  hinges  vin  data  Irom  a small 
number  of  ridge  crest  sites  display  ing  slow  spreading.  Since  the 
presence  of  an  anomalous  mantle  is  also  associated  vviih  slow 
spreading,  neither  variable  can  be  isolated  as  the  cause  ol  the 
high  values  of  layer  2 thickness.  It  should  he  noted,  however, 
that  if  the  thickness  of  layer  2 is  controlled  by  spreading  rate- 
only.  f igure  4 implies  that  spreading  is  slower  now  than  at  any 
time  during  the  previous  150  m.y..  a conclusion  considered  un- 
realistic. 

If  many  sites  on  the  ridge  crest  are  anomalous,  it  is  more  ap- 
propriate to  compute  the  structure  of  the  ’normal  oceanic 
crust'  from  those  sites  in  figure  4 that  are  more  than  40  m.y 
old.  as  is  done  in  Table  .3.  The  mean  layer  velocities  and  stan- 
dard deviations  in  this  table  are  not  signilicantly  dilfereiit  Irom 
those  in  Table  2.  It  is  worth  noting,  however,  that  the  thickness 
of  layer  2 and  the  standard  deviations  of  the  thicknesses  of 
layers  2 and  .3  are  less  than  those  of  previous  compilations. 

Anisotropy.  It  is  well  established  that  seismic  anisotropy  ex- 
ists in  the  uppermost  mantle  in  many,  though  not  all.  areas  of 
the  main  ocean  basins,  velocities  generally  being  high  perpen- 
dicular to  ridge  crests  and  slow  parallel  to  ridge  crests  (Wevs. 
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Fig.  4.  Thicknesses  of  layers  2 and  3 at  normal  main  ocean  basin  sites  as  a lunction  ol  sea  Moor  age.  C urves  are  computed 

by  running  average  techninues 


1964a;  Haiti  el  at..  1971;  Keen  and  Barrett.  1971;  Whiltnarsh. 
1971).  Little  attention  has  been  given,  however,  to  whether 
anisotropy  exists  at  higher  levels  in  the  oceanic  crust,  as  was 
suggested  by  Christensen  [19726).  To  resolve  this  question, 
velocities  from  the  refraction  profiles  that  were  conducted  over 
normal  oceanic  crust  in  the  main  ocean  basins  and  that  can  be 
oriented  with  respect  to  either  fracture  ^ones  or  magnetic 
anomaly  patterns  (which  are  roughly  perpendicular  and 
parallel,  respectively,  to  the  ridge  crests)  are  presented  in 
histogram  form  in  Figure  5.  Profiles  conducted  subparallel  to 
the  ridge  crests  (i.e.,  profiles  for  which  the  difTerence  in 
azimuth  between  the  shot  line  and  the  ridge  axis  is  <30°)  are 
presented  in  the  uppermost  histogram,  whereas  those  of  in- 
termediate (30°-60°)  and  subperpendicular  (60°-90°)  orien- 
tations are  included  in  the  middle  and  lower  histograms, 
respectively. 

The  well-known  anisotropy  of  the  mantle  can  be  clearly  dis- 
cerned as  a marked  increa.se  in  mantle  velocities  from  a mean 


TABU-  3-  Normal  Oceanic  Crustal  Structure  (This  Study) 


Velocity  Vp,  Thickness, 

km/s  km 


Layer 

: S. 04  t 0.60  1 ..39  ^ 0.50 

3 6.73  ♦ 0.19  4.97  1.2S 

Man  tie  8.15*^0.31 


of  8.0  km/s  subparallel  to  the  ridge  crest  to  a mean  of  8.3  km 
subperpendicular  to  the  ridge  crest.  More  unexpectedly,  layer 
3 velocities  decrease  somewhat  with  increasing  relative 
azimuth,  a trend  opposite  in  sense  to  that  of  the  underlying 
mantle  but  consistent  with  recent  observations  by  Christensen 
[19726]. 


Fig  5.  Compressional  wave  refraction  velocities  Ironi  normal 
main  ocean  basin  sites  as  a function  of  the  a/imulh  of  each  rciraclion 
profile  with  respect  to  the  local  ridge  axis;  profiles  shot  subparallcl  to 
the  ridge  have  relative  azimuths  of0°-30“;  those  shot  subperpendicu- 
lar  have  relative  azimuths  of  60°-90°. 
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KfgKinul  lariaiiiins  DA'^pitc  an  acknoAAlcili!cil  (icnctK 
Mmpln.it\  AMlhm  the  IramcAADrk  ol  plate  teetDine-..  it  is  beCDin- 
me  mereasinjth  elear  that  the  neeanie  eriist,  lar  Inmi  hemi! 
simple.  Is  teeloniealK  eiinipleA  It  aaihiIiI  he  remarkable  il  ilis- 
Imel  features  ol  the  oeeame  erust  sueh  as  rulye  crests,  rulite 
Hanks,  ahsssal  plains,  Ir.icture  /ones,  ollridite  rises,  linear 
Island  chains,  trouiths  and  trenches,  b.ick  arc  basins,  and  uses, 
all  dearie  distinguishable  in  terms  ol  topo{:raph>.  seismicit>. 
and  he.it  IIoaa,  esere  indistinguishable  in  terms  ol  underlMiig 
seismic  structure. 

1 hat  major  distinctions  in  seismic  structure  from  pros  nice 
to  prOAince  can  be  drasAii  has  alreade  been  demonstrated 
(figures  and  4)  for  the  ridge  crest,  ridge  Hank,  and  abessal 
plain  pros  mces.  Distinctions  among  the  other  pros  mces  noted 
.those  cannot  be  demonstrated  statisticalls  because  of  m- 
suHicient  data.  Nonetheless,  the  follow  ing  impressions  can  be 
noted  from  esamination  of  the  data,  fhe  fracture  /ones  com- 
monl>  displas  a consentional  three-laser  structure  that  can 
often  be  distinguished  from  that  of  normal  crust  m tsso  ssass. 
I irst,  it  is  frequentls  thin,  consistent  ssith  isostatic  arguments; 
second,  laser  2 velocities  in  the  fracture  /ones  are  msariabis 
loss  (4.2-5  4 km  s).  consistent  ssith  intense  brecciation.  I he 
crustal  structures  of  olTridge  rises  and  linear  island  chains  can 
commonis  he  distinguished  from  the  structure  of  normal 
oceanic  crust  bs  their  great  thickness  [Deiiei  al . iy()9|.  In  the 
case  of  OlTridge  rises,  this  increased  thickness  is  distributed 
among  all  lasers  of  sshat  otherssise  appears  to  be  a consen- 
tional  three-fiser  structure.  Linear  island  chains,  on  the  other 
hand,  commonis  base  an  unusual  structure  in  sshich  laser  2 is 
tsso  to  three  times  normal  thickness  and  eshibits  .i  sside  range 
of  selocities  (.V5-().  I km  s)  distributed  among  seseral  sub- 
disisions,  sshereas  laser  has  somesshat  loss  selocities  and  a 
norma!  thickness  \hinii)ii)ii)  ei  al..  I46X.  1971].  l.scept  lor  un- 
usualls  thick  sediment  accumulations,  the  crust;il  structure  ol 
troughs,  trenches,  and  back  arc  basins  appears  to  be  in- 
distinguishable from  that  of  normal  oceanic  crust  \.\li(niiichi  el 
ul  . I96S;  Ludwig  el  al..  1971 ).  Behind-arc  rises,  like  main  basin 
olTridge  rises,  are  distinguished  chiells  bs  an  unusuails  thick 
crust,  the  excess  thickness  again  being  distributed  among 
lasers  of  normal  velocits  [iVio/  el  al . 1971/)]. 

Laeal  stnuntre.  Recent  studies  using  air  gun-sonohuos 
techniques  suggest  that  the  seismic  structure  of  the  oceanic 
crust  mas  he  far  more  complex  than  had  presiotisls  been 
suspected  [Sullan  ei  al..  1969;  .Maynard  el  al..  1969;  Hussong. 
1972).  .Mthough  the  results  of  routine  refraction  studies  are 
generalls  consistent  ssith  those  of  sonohuos  studies  \Huss<mg. 
1972).  the  mean  oceanic  crustal  lasers  of  Raitt  are  onis 
averages  of  layers  that,  in  detail,  are  each  seen  to  be  composed 
of  several  subdivisions.  In  particular,  laser  2 is  frequentls 
observed  to  have  a thin  loss -velocity  cap  (2.5-.Lk  km  s).  and 
laser  .1  is  often  observed  to  have  a thick  previously  undetected 
basal  laser  ssith  velocities  ranging  from  7. 1-7.7  km  s.  This 
layer  is  not  to  he  confused  ssith  the  anomalous  mantle  ob- 
served under  ridge  crests.  The  persistence  of  these  sub- 
divisions has  prompted  some  authors  \Talwaiii  el  al..  1971; 
Helersim  el  al..  1974)  to  suggest  a redefinition  of  the  mean 
oceanic  erust  based  on  sonobuoy  data,  sueh  as  the  one  in 
Table  4. 

In  viess  of  the  fact  that  only  a small  number  of  sites  have 
been  studied  to  date  by  sonobuoy  techniques  and  that  many  of 
these  shots  three  or.  in  some  instances,  no  subdivisions,  sueh 
definitions  seem  premature.  It  is  proposed  that  equally  valid 
subdivisions  of  oceanic  crustal  structure  can  be  drawn  verti- 
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calls.  If  the  data  for  those  main  basin  normal  crust  sonobuoy 
sites  for  which  mantle  returns  have  been  observed  (suHicient 
acoustic  energy  for  examination  of  the  entire  column  thus  be- 
ing insured)  are  plotted  in  a velocity-depth  curve  (l  igure  6). 
two  crustal  types  with  distinctly  dilTerent  lower  crustal  (layer 
.^1  struedires  are  apparent.  In  type  1 (l  igure  6)  layer  .1  is  com- 
poved.  on  the  average,  of  a l-km-thick  relatively  low  velocity 
(6.4  km  s)  layer  underlain  by  a .''-km-thick  layer  with  a eloc- 
ity  ol  7.1  km  s.  In  type  2.  on  the  other  hand,  layer  } is  com- 
posed of  two  subdivisions,  each  about  } km  thick,  with 
velocities  averaging  6.X  and  7.5  km  s.  respectively.  Since  no 
other  criteria  such  as  sea  floor  age.  spreading  rate,  or  tectonic 
province  seem  to  distinguish  these  two  crustal  types  (and  there 
will  almost  certainly  be  more  as  more  sonobuoy  data  become 
available),  this  variation  is  attributed  to  local  structural  or 
petrologic  heterogeneity 

In  view  of  ( I)  the  demonstrated  lateral  heterogeneitv  ol  the 
oceanic  crust  on  both  local  and  regional  levels.  (2)  the  impend- 
ing overhaul  of  refraction  studies  and  conclusions  Ironi 
sonobuoy  data  (for  example,  if  a layer  with  a seismic  velocity 
ol  7, 1-'. 7 km  s is  generally  present  at  the  base  ol  layer  .T  a 
slight  revision  of  layer  .1  and  crustal  thicknesses  will  be 
necessary),  and  (.1)  the  likelihood  that  even  this  overhaul  will 
be  inaccurate  owing  to  the  presence  of  undetected  velocity  in- 
versions and  gradients,  a revision  of  the  estimates  of  mean 
oceanic  crustal  structure  beyond  that  of  Table  .1  seems  inap- 
propriate at  this  time. 

Roc  ks  F'roxi  tut  Lowfr  Oceanic  Crest 

The  seismic  structure  of  the  oceanic  crust  must  ultimately  be 
interpreted  in  terms  of  petrology.  It  is  thus  important  to  con- 
sider what  lithologies  are  actuallv  recovered  from  the  sea  Hoor 
itself. 

Through  the  efforts  of  deep-sea  dredging  and,  more  recently, 
the  DSDP.  igneous  rocks  comprising  the  uppermost  hard- 
rock  part  of  the  oceanic  crust  have  been  obtained  at  many  sites 
in  the  ocean  basins.  .Although  signilicant  dilTerences  in 
chemistry  exist  among  these  rocks  in  restricted  localities, 
numerous  studies  have  shown  that  rocks  from  the  uppermost 
basement  are  usually  basaltic,  and  most  have  chemical 
characteristics  that  make  it  appropriate  to  call  them  tholentes 
\Liigel  and  Lngel.  1964;  Lngel  el  al  . 1965;  .Auinenia.  1967; 
Miyaihiro  el  al . 19696;  Shido  el  al . 1971).  l or  more  detailed 
information  on  the  petrology  and  chemistry  of  submarine 
basalts,  the  reader  is  referred,  in  addition,  to  the  excellent 
studies  of  .4unieniti  | I96S),  Hekinian  and  .Aiinienid  ) 197.1).  and 
Kav  el  al  )197()). 

Although  several  investigations  [C'hrisiensen.  l97t)o,  |972i; 
Christensen  and  Shast.  1970)  have  shown  that  compressional 
wave  velocities  measured  in  these  basalts  agree  well  with  the 
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[ Vi*,  fv.  OvjcvinvA'  v:rusuvl  Upcs  hascvi  on  vnlcrnal  ''Vruclurc  ol  l.vNcr ohscrvcvi  in  sv*noPiiv*>  ^Unlic^  v.oiivluAlcvl  over  normal 
main  ocean  basin  sites,  [he  range  of  commonis  vihsersed  laser  .1  relraclion  selocilies  is  superiinposesl  lor  coinparisvin 
1 asers  ahose  Ihe  dolled  line  represent  stihdis isions  ol  laser  i!. 

seismic  velocities  of  laser  2,  measured  basalt  selocities  are  and  partialis  serper.tim/ed  ultramalics  ssere  lormcd 

generallv  much  losser  than  the  seismic  velocities  ol  the  losser  Mivushiru  ei  ai  ll%9o)  base  attached  particular  sigmlicaiicc 

oceanic  crust,  f or  this  reason  sse  shall  concentrate  m the  to  the  C aO  contents  of  oceanic  serpentimtes  and  base  shoss n 
I'ollossing  discussion  on  reported  occurrences  and  pet-  that  ssith  decreasing  CaO  and  Md),.  the  KjC)  and  liO,  con- 
rographic  descriptions  of  metamorphic  and  coarse-grained  tents  and  the  be  \Ig  ratio  also  tend  to  decrease  I hes  at- 
igneous  rocks  dredged,  for  the  most  part,  Irom  the  ssalls  ol  me-  tribute  these  findings  to  upper  mantle  heterogeneits  and 
dian  vallevs,  fracture  /ones,  and  trenches,  sshich  base  been  chemical  migration  during  serpentini/ation 

postulated  to  be  important  constituents  ol  the  lower  oceanic  l.arlv  studies  of  oceanic  serpentinnes  | \uhtilh  ft  al  l9t>4 
crust.  Because  many  of  the  papers  that  have  reported  the  oc-  Qm/n  ami  hhlcrs.  I%,C  Himin  cl  ai  . IdNi  Ht’kiiiia/i  I9r<s 
currences  of  these  rocks  vvere  preliminary  in  nature,  detailed  reported  antigorite  as  the  most  abundant  serpentine  mineral 
data  on  the  mineralogy  and  chemistry  of  possible  lower  crustal  The  optical  identification  of  antigorite  has  proven  to  he  un- 
rocks, data  that  are  critical  in  the  interpretation  ol  petrology  in  reliable  (e,g,,  antigorite  was  olten  equated  with  bastitel,  and 

terms  of  mineralogy,  are  relatively  limited.  more  recent  \ ray  dilTraction  studies  have  shown  that  li/aiditv 

I Itramafic  racks.  I'ltramafic  rocks  ranging  from  almost  is  the  most  common  serpentine  mineral  in  oveaniv  ultramalK' 
completely  fresh  to  totally  serpentini/ed  are  common  con-  {.Vtivashira  ci  al  . \')Ma.  Hckiman  ami  Aumcnia.  Id'  f iunit  n- 
stituents  of  fracture  /ones,  central  rift  valleys,  and  vvalls  ol  la  ami  i.auhal.  1971)  On  the  basts  ol  oxygen  and  hvdrogen 
major  trenches.  .Mineralogy  indicates  that  the  original  til-  isotopic  analyses  of  21)  serpentimtes  Irom  the  mid- \tlantis 
tramafics  were  dunite  [Hanalli.  I96X|,  Iher/olite  (/oigW  ami  ridge,  the  Blanco  fracture  /one.  and  the  I’uerto  Rico  trench, 
Fisher.  1969;  Hanalli.  I96X:  Hanalli  el  ai  . I97()|.  har/hurgite  H'<'mi('/(;//(/  /di/()/|l97.7|concludethatseawateristhedi)mi- 
\Cann  and  hinnell,  1967;  Muir  and  IHiey.  1966;  Fisher  and  mint  ty  pe  of  water  involved  in  the  formation  ol  oceanic  serpen- 
FinKei.  1969;  Hekinian  and  Aunienla.  197.T  Hanalli  el  ai  . 19711).  tine  from  ultramalic  rocks,  although  it  is  possible  that  up  to 

and  picrite  [Melsan  and  Ihompsan.  1971;  Hanalli  el  ai..  1970;  2.‘'T  of  the  water  involved  in  subm.irine  serpetitini/alion  is 

Hlinhka  and  Hagdanac.  I96X).  Chemieal  analyses  reported  by  magmatic  in  origin. 

Hess  |I9646).  Chernysheea  and  Hezrukac  |I966).  Hekinian  On  the  basis  of  reported  occurrences,  petrv'graphv.  and 
\\')b'k\.  Hanalli \\'ib'k\.  Fisher  and  Fingei \\^b')\.  Mivashira  et  ai.  chemistry,  it  is  apparent  that  oceanic  ultramalic  rocks  have 
[1969a].  Meisan  and  Ihampsan  |I970).  C'hrislensen  |l972a],  formed  tinder  a wide  variety  of  conditions  Fisher  and  F.ngel 
and  Hekinian  and  .iumenia  1 197.7)  show  trends  related  to  the  1 1969)  and  Meisan  and  I hanipsan  ) 197(1)  have  described  collec- 
degree  of  serpentini/ation,  sea  floor  weathering,  and  tions  of  rocks  from  the  Tonga  trench  and  the  Rvimanche  Irac- 
heterogeneity  in  the  parent  rocks  from  which  Ihe  serpentimtes  ture  /one.  respectively,  that  have  textures  and  miner, ilogies 
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sugjscslivc  ol  lascrcd  igneous  complexes  I he  ullramalics 
found  wnhin  these  rock  suites  are  interpreted  as  representing 
the  lower  parts  oi  crxstal  cumulates  lormed  from  basic  magma 
trapped  within  the  crust  Bonutii  |ty6Sj  and  Hoiiulli  ei  al 
(l‘>70|  base  described  ultranialics  from  the  lower  slopes  ol  the 
Saint  Paul.  Romanche.  and  ( ham  fracture  /ones,  which  arc 
oserlain  bs  a complex  assemblage  ol  metamorphics.  gabbro. 
and  basalt  .V/nos/iirn  el  al  (|y7()A|.  on  the  basis  ol  a dredge 
haul  on  a crestal  mountain  adjacent  to  the  junction  ol  ihe  me- 
dian xallex  of  the  mid- Atlantic  ridge  with  the  Atlantis  Iracture 
/one.  have  shown  that  ultranialics  are  not  conlincd  to  deep 
levels  of  the  oceanic  crust  I his  finding  is  suppvirted  bv  / hump- 
\iin  anJ  \telsnn  |l‘<72|.  who  report  ultramalic  rocks  capped  bv 
volcanics  in  the  \ ema  Iracture  /one  and  suggest  that  the  ul- 
tramalics.  m this  instance,  represent  a mantle-derived  intru- 
sion In  addition.  Autiieiiiii  anJ  l.ouhal  |I'^7IJ  have  described 
diapiric  ultranialics  at  45°%  in  the  Atlaiilic  that  apparentiv  are 
not  associated  with  translorm  laults 

Gahhriiie  rucks  Dredge  hauls  have  recovered  a wide  varietv 
of  gabbroic  rocks,  including  two-pv roxene  gabbros  |(Jii(//i 
and  tlhlers,  IdhI.  Hngdanoi  and  I'lnshkn.  IvJP'.  hn^ei  and 
hsher.  lytiU.  Hiinalli  el  al  . l'7''l)  Mnashira  el  al  . I'rtlu. 
Melson  and  Ihumpsnn.  IU71I;  llekinian  and  luinenio.  I‘r.'|. 
norite  [Hnnaili  el  al  . I4''(l.  Hntidanai  and  I’loshkn.  IU(r|, 
hornblende  gabbro  |(  u/iii  and  I me.  I^bti.  Hnjcdanoi  and 


Hltishkii.  IV67:  Usher  and  En^el.  IVby;  Hnnaili  ei  al  . 1970; 
Mtyashiro  el  al  . iy70u;  lhainpsun.  197.^).  nepheline  gabbro 
\Hiinalll  el  al , 1970;  ihnmpsan  and  Melsan,  1972).  anorthositic 
gabbro  \<Ju<in  and  Ehlers.  196.1).  anorthosite  [Ln^el and  Usher. 
1969),  and  iroctolile  (.l/n  ashirn  el  al , 1970/;)  Pelrographic 
descriplions  and  modal  anafvses  of  several  ol  these  gabbroic 
rocks  are  summari/ed  in  I able  5 

Ihe  association  of  gabbro.  anorthosite,  and  Iher/olite 
[I  nael  and  hsher.  1969)  and  the  cumulate  textures  ol  sonic 
prvoxene  gabbros  ).l/i'/.w;/i  and  Ihmnpson.  1970)  indicate  that 
within  the  crust  there  arc  lavered  basic  complexes  that  have 
undergone  gravitv  dilferentiation.  I his  assumption  is  lurlher 
supported  bv  the  linding  of  oceanic  aplites  {Stiyashirn  el  al  . 
I9'^lli;.  Ilunnpsan.  1 97.^),  quart/  diorite  )W<;iiuiri  cl  a/ , 1970). 
and  diorite  [.Auinenla.  1969),  which  prohablv  represent  late 
stages  ol  fractional  crvstalli/ation  ol  gabbroic  magma  Major 
elenic.  chemical  analyses  [.Mivashira  el  al  . 1970a)  and  trace 
elemeiit  studies  \ l hantpson,  197.7)  ol  oceanic  gabbroic  rocks 
show  wide  compositional  variations  controlled  bv  Iractional 
crvstalli/ation  Misashira  el  al  ) 1970a)  have  clearlv 
demonstrated  that  within  oceanic  gabbros  the  decreases  in  the 
aiiorthite  content  ol  plagioclase  are  accompanied  bv  in- 
creasing I c(J*  MgO  ratios.  In  close  agreement  with  Irac- 
tionalion  trends  observed  in  nianv  lavered  malic  complexes  In 
I igure  7 the  anaivses  of  Mnashiro  ei  al  ) 1970a)  are  shown  on 
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l.oc.i  t i>'n 

r tri)>;raphic  1‘escript  ix>n 

Reference 

'!i  J ■ \:  1 iint  i c n J);e 

Ill's 

C.ranulateJ  ^ahhros  contairunj;  ['1  vi>;ioc  1 a'^e 

du*p'»ido,  r.-S’  hy]>ersthcnc,  irti^nctitc,  and  small  amounts  of 

.inph»b(»lc  and  ••hlorilc;  altered  gabbro  with  4n-l5’  labradorite, 

.^D'  diopside,  and  hyperstheru-  with  .'oi-sifc  arid  sdiiurito; 

anorthositic  gsibbro  with  sr  plagiocLise  ( Atv  a ) , diopside 

and  briaicitc,  n'a  amphihole,  and  S'  chlorite  and  bjotjtc,  with 
minor  magnetite. 

j ».  .-'irt-r.r  [ l‘ib.'] 

J 1 \ 

■Hii'leiitic  g.ibbros  showing  strong  d i f ferent  iat  ion ; plagioclase 
compositum  vanes  from  •\nq7  to  .\n7<j;  some  gahbros  are 
met amxtfphosed ; primary  hornblende  is  often  present. 

Ili>-0:| 

I’s 

Hornblende  gabbn'  containing  brown  hornblende  and  aggregates  ot 
green  amphihole,  normal  gabbro,  olivine  gabbro,  and  norite; 
m>‘loniti:ed  sections  are  coiwnon  ; t i t anomagnet  i to , prehnite, 
chlorite,  iddingsitc.  and  biotite  are  often  present. 

2nd  P-  chke  [lyb  ] 

Habbro  con f.ii ni ng  J iop.s iJe  . plagioclase,  orthopy roxene  and  second- 
ary anphibole;  norite  containing  hypersthene , plagioclase  and 
secondary  chlorite,  ant hophyl 1 1 te  , hornblende,  epidote,  grun- 
erite,  and  :oisite;  olivine  gabbro  with  enstatite,  plagioclase, 
olivine,  hornblende  and  secondary  anthophy 1 1 i te , talc,  and 
chlorite;  cataclastic  gabbros  containing  cl inopyroAcne , plagio- 
clase and  secondary  actinolitc,  hornblende,  and  chlorite;  nephe- 
line gabbro  with  titanaugito,  plagioclase,  nepheline,  natrolito, 
aegirine,  harkevikitc,  magnetite,  and  secondary  chlorite. 

ei  a:.  H9"0) 

1 (^u-itor 

C.abbros , some  of  which  show  cumulate  textures,  containing 

plagiocl.ise  (An-*Qi,  augite,  hypersthone,  olivine(?)  and  second- 
.iry  serjicntine,  clUorite,  actinolitc,  talc,  and  opaques  (mode 
of  ur,  pvn'xene,  lb'’,  plagioclase,  and  S'!,  secondary  minerals). 

yelCc'*:  and  [IP'O] 

flabbro  c<mtaining  plagioclase  (Arigi^l,  augjte,  orfhopyro.xene, 
olivine  and  secondary  clilorite,  scrj'cntinc,  amphihole, 
iddingsitc,  and  magnetite. 

Hekinian  jyid  Aunt'.nt.o  [19".^] 

Cnrishcrjj  ridsc* 

Granulated  mt'tamorphosed  gabbro  with  hornhlendo,  plagioclase 
(An^o).  cl inoroisi tc,  chlorite,  and  spheno. 

UKQ  Vi^nc  119b''  ‘! 

Ionj;a  trench 

Altered  gabbro  with  plagioclase,  augite  and  hornblende;  cut  h>' 
veinlots  of  alkal.  feldspar. 

Piener  [19b9j 

Ml  J-  Imli.in  rul«c 

1 and 

Coarse-grained  massive  gabbros  at  1““S  containing  plagioclase 

{bytownitc),  augite,  olivine,  2®.'  op.aquos,  and  4%  chlorite 

and  hornblende;  at  14®.S  one  gabbro  contains  b7®  plagioclase,  l(>®t. 
augite,  17®-  hypcrsthcnc,  and  minor  chlorite,  opaques,  and  anti- 
goritc;  some  g.abbros  arc  granulated,  and  others  arc  altered  to 

cHjci  s.7yisi  Fisher  fl9bp) 

hornblende,  chlorite,  talc,  and  tremolite. 
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a MjiO-l  cC)*-(Na,C)  • K/))  diaiirani  (where  I eO*  ]s  lolal 
iriMi  aA  t eO)  along  with  plagloelase  eoinpoMlions  and  ihe  Irae- 
tionalion  trend  ol  the  Skaergaard  intrusion  [li  iif’er  and  Deer, 
Id.W), 

Although  hornblende  gahbro.  judging  Iroiii  its  abundaiiee 
in  dredge  hauls,  is  apparentls  an  ahundant  eonstitueiit  ol  the 
lower  crust,  the  relationship  ol  hornblende-bearing  gabbros  to 
cumulate  gabbros  is  poorls  understood.  In  mans  ol  these 
rocks  the  hornblende  is  clearh  priinars  ei  al  . 

Id7()u;  Ihompstin,  I47.'|,  whereas  in  others  the  aniphiboles  are 
secondars,  hasing  lornied  b\  uraliti/ation  and  higher-grade 
metaniorphism  \Quon  and  hdilers.  Idh.V  Cann  and  l ate.  |y()(i; 
/•.HgW  and  Usher.  1^69;  Hekinian  and  .■innienla.  I97.t|  ) he 

latter  gabbros  contain  priniars  igneous  assemblages  and 
secondare  minerals  lormed  b>  metamorphism  and  hvdrother- 
mal  actmts.  The  histones  ol  such  specimens  are  dearie  com- 
plex; mane  ol  the  reported  mineral  assemblages  are  not  in 
equilibrium.  It  appears  that  gabbroic  and  metamorphic 
assemblages  are  formed  in  the  context  eil  high  thermal 
gradients  beneath  Ihe  ridges.  Ihe  lack  ol  equilibrium  olien 
obsereed  m these  assemblages  can  be  explained  b>  rapid  up- 
ward moxement  and  exposure  on  the  sea  lloor  through  lault- 
ing  and  diapiric  intrusion  or.  alternatixelx . b>  rapid  cooling 
associated  with  downward  penetration  of  seawater 

Melahasiles  Manx  rocks  obtained  Irom  dredging  aUuig 
fracture  /ones  and  ridge  median  \alle\s  that  base  been 
reported  as  gabbros  and  basalts  are  metamorphosed  to  some 
degree.  Often,  recrxstalli/ation  is  slight  [Mivashira  el  ai. 
I970i;l,  and  unlike  man>  continental  metamorphics.  relict  ig- 
neous textures  and  minerals  are  common  \Cann  and  hainell. 

Bonatti  et  at  . 1970;  Mivastnra  el  al  . 197  1 1.  .As  is  show n 
in  Table  6.  on  the  basis  of  mineralogx.  metabasalts  and 
melagabbros  dredged  from  the  ocean  basins  belong  to  the 
zeolite,  greenschist.  and  amphibolite  facies.  The  temperature 
of  metamorphism  for  the  higher-grade  rocks  must  haxe  ex- 
ceeded .T5()°C.  a xalue  well  above  estimates  of  normal  oceanic 
crustal  temperature  (calculated  temperatures  at  the  base  of  the 
crust  arc  approximatcK  2()()°C  in  regions  of  normal  heat  How  ). 
The  crests  of  mid-ocean  ridges,  however,  are  characterized  h\ 


FeO^ 


Tig.  7.  A MgO-f  eO'-lNajO  * K,0)  diagram  for  gabhros  and 
laic  dilfcrenliales  dredged  from  the  mid-Atlantic  ridge  at 
[Mivashiro  el  al . I97()u:  Thompson.  I97.d|.  Numbers  represent  .An  con- 
tent of  modal  plagloclasc  The  dilTerentiation  trend  ol  the  Skaergaard 
intrusion  is  included  for  comparison.  Solid  circles  represenl  gabbro. 
solid  triangles,  diorite:  open  triangles,  aplite 


high  heal  How  and  high  thermal  gradients  suliicieni  to  produce 
metamorphic  mineral  assemblages  at  relativelv  shallow 
depths. 

Schistose  and  nonschislose  melabasiles  haxe  been  reported 
from  ridge  crests  and  fracture  zones.  Although  onix  a limited 
number  of  samples  have  been  studied,  it  appears  that  al  least 
in  the  lower-grade  xiceanic  metamorphics  the  proportion  ol 
nonschistose  rocks  is  high.  Accordinglx.  .Mivashiro  el  al 
1 1971]  have  propxrsed  the  use  of  Ihe  terms  burial 
metamorphism,  mid-oceamc  ridge  metaniorphism.  or  ocean 
lloor  met.inuirphism  to  emphasize  the  poor  dexelopmeni  ol 
schislosilx 

I’rehmle-pumpellx  lie  facies  assemblages  are  apparentlx  rare 
in  oceanic  rocks.  Ilekinian  and  .hanenio  [I97il]  haxe  described 
loxx-grade  metamorphic  rocks  from  the  (iibbs  Iracture  zone 
and  Mima  seamount  that  the)  lentalixelx  assigned  to  the 
prehnite-pumpellx  ite  facies  Humpellxite  has  been  ideiitilied  m 
oceanic  rocks  b\  Melson  and  van  .-indel  j 1966]  Miyashlro  el  al 
|I97I]  haxe  reported  prehnite,  apparentlx  retrograde,  within  a 
schistose  amphibolite  Irom  the  mid-  Allantic  ridge 

Zeolite  facies  rocks,  the  mineralogies  ol  xxhich  are  sum- 
marized 111  Table  6.  haxe  been  reported  Irom  the  mid-.Atlantic 
ridge  hx  Mnashtro  ei  al  [1971].  Although  chemical  changes 
accompanxing  zeolite  facies  metaniorphism  are  diHicult  to 
exaluate  because  of  the  intense  weathering  ol  the  rocks  so  lar 
reported,  metahasalts  xif  this  facies  generallx  shoxx  Na..O  and 
ll..()  contents  higher  than  those  of  abxssal  tholeiiles 

Cireenschist  facies  metabasalls  and  melagabbros  show  a 
wide  range  of  miiieralogx  and  composition.  In  a detailed  studx 
of  the  petrologx  and  cheiiiislrx  of  spilites  from  the  Carlsberg 
ridge.  Cann  [1969]  concluded  that  ocean  lloor  spilites  originate 
from  greenschist  facies  metaniorphism  of  once-cooled  basalt 
During  this  process,  calcie  plagioclase  is  replaced  hx  alhile. 
olivine  and  basaltic  glass  are  replaced  bx  chlorite,  and  augite 
max  persist  metastablx  or  form  actitiolite.  Changes  in 
chemistrx  accompanxing  this  metamorphism  involve  the  loss 
of  CaO,  a gain  in  HjO*.  and  an  increase  in  Te-O,.  trends 
similar  to  those  produced  bx  ocean  lloor  weathering  \ftari. 
1970;  Hekinian.  1971).  Intense  chemical  migration  and 
albiti/ation  resulting  from  hxdrothernial  actixitx  are  common 
in  nietabasites  of  the  greenschist  facies  [.Miyashlro  el  al..  1971 ). 
It  should  be  noted,  however,  that  igneous  plagioclase 
(labradorite.  bytoxxnite)  is  often  resistant  to  recrxstallization; 
hence  the  mineral  assemblage  actinolite-chlorite-calcic 
plagioclase  is  also  common. 

Although  amphibolites  appear  to  be  common  in  dredge 
hauls  from  the  walls  of  fracture  zones,  only  a limited  number 
have  been  described.  Oceanic  rocks  belonging  to  the 
amphibolite  facies  are  usually  melagabbros,  often  with  their 
original  textures  and  chemical  compositions  preserved  [Cann 
and  h'unnell.  1967;  Miyashlro  el  al . 1971],  Some  oceanic 
amphibolites,  however,  have  strong  schistosity  and  well- 
developed  banding  [Bogdanov  and  Ploshko.  1967;  Bonalli  el 
al..  1970;  Miyashlro  el  ai.  1971],  In  many  samples  the  inter- 
pretation of  the  petrography  is  diflicult  because  of  intense 
myloniti/ation  and  later  retrograde  metaniorphism  [Cann 
and  Tine,  1966;  Cann  and  iunnell.  1967], 

CoXlPRI-SSIONAI  AM)  SlIFAR  W xVli  VkI  OCITIES 
IN  OrEANir  Roc  ks 

Although  compressional  and  shear  wave  velocities  haxe 
been  reported  from  a wide  variety  of  continental  rocks  similar 
to  dredge  samples  from  ridge  crests  and  fracture  zones  [Birch. 
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1°S 

Acipluln)  1 i l o 

Ho rnt)  1 ondi- , p lag! oo last*. 

.■  :t:.J  ; ' j:.y  1 19l.'| 

('■roensoh  i st 

ac  t i no  1 i T o , 1 oiiooxono 

Alhito,  chlorite,  opidoto, 

ydil  K -IK-:  ntldl  • (IPOI'I 

livoon^ch  i 

act  1 no  1 i To , nojit  run i to , 
spliono 
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ct  a':.  |l‘ril 

1 l“N 

ilreensohi  st 

\nipli  1 ho  1 i tc 
(iroctisch  i st 

chahazito,  laiimontito,  stillute, 
mixed  layer  cli  1 or i to- smoc  1 1 1 e * 

\ ormi cii!  1 to  (relict  pyroxene  and 
plagioc lasei 

(dilorite,  ({iiart  z , opidoto, 
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towni to) 
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(Iroenscli  i st 

spheno 

(‘hlorite,  alhito,  actinolito 

T'tis.inpcof’i  jkJ  (iy''2] 

I'rehni  to-piunpel  1 yi  te(  ?) 

thlorite,  opidoto,  prohnite, 

h'ik:r;icp:  and  /.unento  [19"5j 

ca 1 cite . zool i te,  partial ly 
albitizcd  calcic  plagioclase, 
c 1 inopyroxono , magnet i to 

Cvirlsborki  riU^e 

(Iroenschi  st 

Alhito,  chlorite,  augite,  sphene, 

|19h9l 

.•\m|ih  t hoi  i te  transitional 
to  greenschist 

ac  t i no  1 i 1 0 , o p i do  t e 
llornh  londc  , p lagioc  lase  , 

c 1 i nozoi s i tc , chlorite,  spheno 

'xnn  stna  Vitie  [19hh) 

Palmer  ridge 

43*S 

,\inphihol  ito 

Hornh 1 ende , p 1 agi oc 1 aso 

’a>:»:  and  Funnel!  119^') 

fkilJ  .'•tountain 

tlreenschist 

Alhito,  opidote,  tremolite. 

Aur.ento  io'K<y(2i*€-jic  [1969] 

chlorite,  <}uartz,  sphene, 
actinolito,  hornblende 

1960,  1961;  S;mmo«,s,  1964;  Christensen.  1965,  1966a,  6,  1968), 
little  information  was  directly  available  from  oceanic  igneous 
and  metamorphic  rocks  prior  to  1970.  Although  this  situation 
has  been  largely  remedied,  the  accuracy  of  laboratory  velocity 
measurements  through  oceanic  rocks  is  limited  by  factors 
peculiar  to  their  provenance.  At  extremely  high  confining 
pressures  the  velocities  measured  in  the  laboratory  represent 
an  average  of  the  intrinsic  velocities  of  a rock's  constituent 
minerals.  Within  the  range  of  hydrostatic  confining  pressures 
of  the  oceanic  crust,  however  (0.4-2, 0 kbar).  most  rocks  ex- 
hibit significant  and  variable  grain  boundary  porosity.  Since 
velocity  is  strongly  lowered  by  such  porosity  and  is.  in 
addition,  extremely  sensitive  to  the  presence  of  pore  fluids  in 
grain  boundary  cracks,  it  is  necessary  before  examining  rock 
velocity  data  to  examine  in  detail  the  underlying  assumptions 
and  limitations  of  such  measurements. 

Water  saturation.  Karl)  studies  of  elastic  wave  propaga- 
tion in  sedimentary  rocks  [Hughes  and  Kelly.  1952;  H'yllie  et 
ai.  1958)  and  recent  investigations  of  igneous  and 
metamorphic  rocks  [Dortman  and  Magid.  1969;  .Var  and  Sim- 
mons. 1969;  C hristensen.  1970<  ) have  emphasized  the  impor- 
tance of  water  saturation  for  velocities  at  relatively  low 
pressures.  Figure  8 shows  the  compressional  wave  velocity  of  a 
water-saturated  oceanic  basalt  as  a function  of  time  as  the 
sample  is  allowed  to  dry  at  room  temperature  and  pressure. 
The  decrease  in  compressional  wave  velocity  is  the  result  of 


tion  on  shear  wave  velocities  has  been  found  to  be  negligible 
[Oortman  and  Magid.  1969;  Sur  and  Simmons.  1969). 

At  low  confining  pressures  the  increase  in  velocity  produced 
by  water  saturation  depends  primarily  on  the  rock  porosity. 
Unweathered  serpentinites  have  relatively  low  porosity  and.  as 
expected,  show  minimal  changes  in  velocity  with  water  satura- 
tion. Most  oceanic  igneous  and  metamorphic  rocks,  however, 
have  significant  grain  boundary  porosity.  In  l igures9  and  10 
compressional  wave  velocities  are  shown  as  a function  of  con- 
fining pressure  and  water  saturation  for  typical  samples  of 
basalt  from  the  Fast  Pacific  rise  and  gabhro  from  the  mid- 
■Atlantic  ridge.  Although  the  curves  for  these  two  samples  are 
similar,  their  saturation  histories  are  not.  The  basalt  sample 
was  stored  in  seawater  immediately  after  dredging  and 
received  in  the  laboratory  in  its  original  state  of  saturation. 
The  gabbro  was  received  in  a dry  condition  but  was  saturated 
by  immersion  in  water  following  evacuation.  Beyond  this 
point,  both  samples  have  the  same  history.  Both  were  cored 
and  jacketed  with  copper  foil  to  prevent  the  pressure  medium 
from  penetrating  the  samples  at  high  pressure,  .A  screen  was 
placed  between  the  sample  and  the  jacket  to  allow  pore  fluid  to 
drain  from  the  sample  during  the  application  of  external 
hydrostatic  pressure  (by  this  means,  pore  pressure  is  kept 
minimal).  Finally,  velocities  were  measured  for  a range  of 
pressures  by  means  of  the  well-known  pulse  transmission 
technique  [Birch.  I960].  After  allowing  the  samples  to  dry  in 
the  atmosphere  for  one  week,  both  samples  were  rerun.  It  is 
clear  from  these  two  cases  that  not  only  is  velocity  strongly  in- 
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1 ig.  X.  Mt;a>urt;d  CDriiprcssional  wave  vcloi.il>  versus  lime  liir  a sample  >il  ssaln  saiiiialeil  hasall  alKiued  In  air  drs  al  al- 

mosphene  pressure 


fiueneed  by  water  saturation  at  low  pressures  but  also  that  Ini- 
tial conditions  of  water  saturation  can  be  reproduced  by  using 
laboratory  techniques. 

Since  the  range  of  in  situ  pressures  within  the  oceanic  crust 
is  usually  between  0.4  and  2.0  kbar.  it  is  apparent  from  figures 
9 and  10  that  the  degree  of  water  saturation  of  oceanic  rocks 
constitutes  an  important  factor  that  must  be  duplicated  m the 
laboratory  if  laboratory  velocity  mea.surements  are  to  be  com- 
pared with  oceanic  crustal  velocities.  .Although  it  has  been 
suggested  (/■>«  el  al..  I973|  that  the  in  situ  iiilersiitial  waicr 
content  of  oceanic  rocks  is  similar  to  that  ol  air-dricd 
laboratory  samples,  several  independent  lines  of  evidence 
suggest  that  it  is  not.  .Most  oceanic  rocks  show  abundaiii 
evidence  of  interactivin  with  seawater,  both  through  submarine 
weathering  [Hart,  1970;  Hekinian.  1971:  Chrisien.'.en  uni! 
Salisbury,  I972|  and  various  degrees  of  metamorphisin  in 
which  water  was  an  active  constituent  [Miyashiro  el  al  . 1971: 
Cann  anil  bunnell.  1967:  H'enner  anil  I aylor,  1972).  In  addition 
to  spaces  between  grain  boundaries,  numerous  fractures  un- 
doubtedly present  within  the  oceanic  crust  allow  water  circula- 


tion further  evidence  that  fractures  and  gram  boundary 
cracks  within  the  oceanic  crust  contain  abundant  water  comes 
from  studies  of  oceanic  heat  How:  measurements  ol  heal  How 
on  ridge  crests  and  Hanks  require  hydrothermal  circulalion  as 
a dommanl  heal  transfer  process,  since  heal  How  values  along 
active  oceanic  ridges  cannot  be  explained  solely  by  conduclnm 
[h.liler.  196.^:  Defleyes.  1970:  Lister,  1972)  I his  observation  is 
consistent  with  the  presence  ol  hot  springs  and  gevsers  in 
quasi-oceamc  regions  such  as  Iceland  finally,  the  observed 
high  electrical  conductivity  of  the  oceanic  crust  is  most  likely 
controlled  by  pore  Huids  |('oa,  I97|j.  since  most  dry  malic 
rocks  have  extremely  low  conductivities  at  oeeanie  crustal 
temperatures  and  pressures. 

Although  oceanic  rocks  are  probably  saturated  or  nearly 
saturated  in  situ,  the  pore  pressure  ol  such  inierstitial  water  is 
not  known.  As  was  discussed  by  Hraie  |1971).  pore  pressure 
within  crustal  rocks  probably  varies  between  lithosiatic.  in 
which  it  balances  the  weight  of  the  overlying  rock  and 
seawater,  and  hydrostatic,  in  which  all  pore  space  is  con- 
tinuously connected  with  seawater  In  the  course  of  measuring 


fig.  9.  Measured  eompressional  wave  veloeilies  lor  .iir-dried  and 
waler-saluraled  hasall  Irom  Ihe  fasi  I’aeilic  rise  as  a luiielion  ol  eon- 
lining  pressure 


fig.  Ill  Measured  eompressional  wave  veloeilies  tor  air-dried  and 
waler-saluraled  gahhro  from  ihe  niid-.MIanlic  ridge  as  a runelion  ol 
eonlining  pressure. 
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the  velocities  reported  below,  water  was  generallv  allowed  to 
drain  out  of  the  rocks  as  confining  pressure  increased.  To  the 
extent  that  grain  boundarv  cracks  trap  water  during  closure, 
experimental  conditions  probably  produce  pore  pressures 
between  lithostatic  and  hydrostatic  values. 

Runjie.\  uj  velocity  \ number  of  studies  have  been 
presented  recently  on  seismic  velocities  in  dredged  oceanic 
rocks  and  samples  collected  from  ophiolites.  Many  have  been 
conducted  over  a wide  range  of  pressures  through  water- 
saturated  samples  \Barreii  and  Aumento,  1970:  Christensen. 
I97()(.  1972a.  c.  Christensen  and  Salisbury,  1972.  197.V  Hynd- 
nian.  I97.y|  and  air-dried  samples  l/’ax  et  al . 1971.  I97.f; 
Poster.  197.7:  Peters. m et  al  . I974J.  The  interested  reader  can 
lind  a large  number  of  additional  studies,  conducted  under  a 
I wide  variety  of  experimental  conditions,  in  Initial  Reports  o] 

' the  Deep-Sea  DriUina  Project 

Measured  compressional  and  shear  wave  velocities  at  a 1- 
kbar  conlining  pressure  for  various  rocks  pertinent  to  a study 
of  the  oceanic  crusi  are  shown  in  hislogram  form  m I igures  1 1 
and  12:  to  make  comparisons  of  some  validity,  we  have  in- 
cluded in  these  figures,  and  shall  consider  from  this  point  on. 
velocities  from  water-saturated  rocks  only.  Many  of  the 
velocities  presented  have  been  published  in  the  references  cued 
above.  Previously  unpublished  data  include  velocities 
measured  in  our  /ahoralory  for  a variety  of  rocks  collected 
from  the  mid-Atlantic  ridge  [Bonatli  et  al . 1970).  the  mid- 


Indian  ridge  Itngel  and  Fisher,  1969).  basalts  from  the  l.au 
ridge  [Hawkins  et  al , l'J70),  and  rocks  from  ophiolite  com- 
plexes in  California  [Bailey  et  al . 1970).  Oregon  [lhayer, 
I96.?|.  and  Newfoundland  [H'illiants.  1971). 

The  widest  ranges  of  compressional  and  shear  wave 
velocities  are  characteristic  of  basalts,  primarily  because 
progressive  sea  Hoor  weathering  causes  submarine  basalts  to 
decrease  in  density  and  velocity  with  age  [Christensen  and 
Salisbury.  1972.  197.7:  Hart.  1977).  This  point  is  illustrated  in 
f igure  17.  which  shows  a basalt  compressional  wave  velocity 
distribution  identical  to  the  one  in  figure  1 1 except  that  the 
velocities  measured  through  samples  less  than  20  m.y.  old  are 
highlighted.  Young  basalts  are  clearly  fast  at  the  hand  sample 
scale:  basalts  older  than  20  m.y.  old  are  slow.  Whether  this 
phenomenon  is  translated  into  a trend  of  decreasing  layer  2 
refraction  velocities  with  age  will  depend  on  the  depth  ol 
weathering,  metamorphic  overprinting,  and  the  prevalence  of 
such  mesoscopic  features  as  pillows,  joints,  and  fractures. 

The  velocities  of  metagabbros  and  metabasalts  (figures  1 1 
and  12)  are  distinctly  bimodal.  The  lower  velocities  (5. 2-6. 7 
km  s for  and  2. 8-7. 5 km  s for  f .)  are  typical  of  chlorite- 
rich  greenschist  facies  rocks,  whereas  the  higher  velocities 
(6.4-7. 2 km  s for  fp  and  7,6-4. 1 for  f.)  arc  characteristic  ol 
rocks  of  the  amphibolite  facies.  In  all  the  metamorphic  rocks 
studied  the  presence  of  chlorite  was  found  to  produce  a signifi- 
cant lowering  of  velocities,  whereas  the  presence  of  epidote 
and  aclinoliie  cau.ses  velocities  to  rise.  The  compressional 
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wave  velocities  shown  in  Figure  1 1 lor  greenschisl  lacies  rocks 
are  significantly  lower  than  the  seismic  velocities  oT  the  lower 
oceanic  crust.  Velocities  measured  to  date  Irom  green.schisi 
facies  dredge  samples,  however,  do  not  include  many  ol  the 
typical  mineral  assemblages  characteristic  of  rocks  described, 
for  evample.  from  the  median  valley  of  the  mid-Atlantic  ridge 
|.V/W.vo/i  and  van  Andel,  1966],  Studies  of  velocities  in  continen- 
tal greenschist  facies  rocks  of  equivalent  mineralogy 
[Chrislen.sen,  I9706j  show  that  it  is  possible  to  have  greenschist 
facies  rocks  with  compressional  wave  velocities  similar  to 
lower  oceanic  crustal  velocities  at  appropriate  pressures  (see 
Table  7). 

Many  metamorphic  rocks  from  dredge  hauls  and  ophiolitc 
complexes  have  significantly  lower  anisotropy  than  continen- 
tal metabasalts  and  metagabbros.  This  dill'erence  is  interpreted 
as  being  due  to  the  metamorphism  of  oceanic  rocks  under  con- 
ditions of  low  compressive  stress  dissimilar  to  those  prevailing 
in  continental  orogenic  regions.  Nevertheless,  we  have  found 
high  anisotropy  in  some  amphibolites  dredged  from  the  \ ema 
fracture  ^one.  .An  example  is  illustrated  in  f igure  14. 
.Anisotropy  in  this  specimen  is  clearly  related  to  a strong  orien- 
tation of  hornblende,  the  maximum  velocity  being  in  the 
propagation  direction  parallel  to  a strong  concentration  of 
hornblende  c axes.  This  anisotropy  may  have  important  im- 
plications in  interpreting  composition  in  lower  oceanic  crustal 
regions  that  possess  seismic  anisotropy  [Chri.slensen.  19776). 

The  ranges  of  velocity  shown  in  Figures  1 I and  12  for  gab- 
bro  are  much  less  than  those  found  for  basalts,  metamorphics. 
and  ultramalics.  The  small  number  of  high  velocities  ( f 'p  :s  7.0 
km  s.  f,  ^ 3.8  km/s)  is  characteristic  of  relatively  fresh 
samples;  samples  that  have  been  altered  by  deuteric  processes 
or  later  hydrothermal  activity  di.splay  lower  velocities. 

W ide  ranges  of  velocity  in  the  ultramalic  rocks  examined  arc- 
due  largely  to  dilTerent  degrees  of  serpentini/ation.  Pure 
serpentinites  have  relatively  low  velocities;  velocities  increase 
linearly  and  sharply,  however,  with  increasing  density  and 
decreasing  percentage  of  serpentine  [Birch.  1961;  Christvn.sen. 
19666).  As  was  discussed  by  Christensen  )l972o).  relatively 
high  values  of  Poisson's  ratio  are  diagnostic  properties  of 
serpentinites. 

Influence  oj  mineralogy.  The  influence  of  mineralogy  on 
velocities  and  Poisson's  ratio  for  many  common  oceanic  rocks 


VTp  (km/f) 


fig  I.V  Measured  compressional  wave  velocilies  lor  oceanic 
basalts  (from  f igure  1 1 ) as  a function  of  age.  Shaded  velocilies  are  lor 
samples  from  sites  ■ 20  m y.  old:  the  remaining  siles  range  Irom  20  lo 
150  ni.y.  in  age 

can  be  conveniently  expressed  by  two  sets  of  triangular  com- 
position diagrams  in  which  the  apexes  are  augite.  hornblende, 
and  plagioclase  (An-o)  and  olivine,  enstatite.  and  serpentine, 
respectively  (Figure  15).  Velocities  measured  for  reasonably 
pure  and  isotropic  monomineralic  aggregates  at  I kbar  have 
been  selected  for  the  end  members,  and  contours  ol  equal 
velocity  and  Poisson's  ratio  have  been  calculated  from  the 
velocities  for  intermediate  points.  Figure  1.5a  contains  mineral 
assemblages  typical  of  unaltered  gabbro  and  amphibolite.  (7n 
the  basis  of  this  diagram  a gabbro  containing  50';  plagioclase 
and  50'';  augite  would  have  values  of  f ,,  = 7.0  km  s,  f , = .3.8 
km  s.  and  n = 0..30  at  confining  pressures  of  I kbar.  similar  lo 
measured  properties  of  several  gabbros  from  oceanic  and  con- 
tinental regions.  Unaltered  basalts  of  similar  mineralogy  have 
lower  velocities  (Figures  II  and  1 2)  because  olTheir  finer  gram 
si/e  and  hence  greater  grain  boundary  porosity.  Amphibolites, 
which  typically  contain  approximately  .W;  plagioclase  and 
KYi  hornblende,  have  values  of  f ^ = 6.8  km  s.  f = .U8  km  s. 
and  (T  = 0.28.  These  predicted  velocities  again  agree  well  with 
measured  velocilies.  The  plagioclase  compositions  ol 
amphibolites  are  usually  somewhat  more  sodic  than  the  com- 
position selected  for  Figure  15a,  and  thus  the  velocities  would 
be  lowered  by  about  0.1  km  s and  there  would  be  little  elTecl 
on  Poisson's  ratio  The  influence  of  mineralogy  on  velocities 
and  elastic  constants  for  rocks  containing  olivine,  enstatite. 


TABLi;  7.  Compressional  Wave  Velocity  in  I'.recnstones  [ , lilTOf'] 


Sample 

Oensi ty, 
g/cm’ 

Velocity  Vp,  km/s 

0.4  Ixhar 

1 .0  kbar 

2.0  kbar  4 

.0  kbar 

6.0  kbar 

Metahasa 1 t 

1 fVreka 

, (^a  1 i r . ) * 

2.88 

6.~4 

6.78 

6.82 

6.86 

6.89 

2.90 

b.SO 

6.8S 

6.89 

6.93 

6.97 

2.94 

e>.83 

6.90 

6.99 

7.08 

7.  12 

Mean 

2.91 

b . 79 

6.84 

6.90 

6.96 

6.99 

2 fl.uray 

. Va.)- 

2.92 

b .S4 

6.61 

6.69 

6.75 

6.78 

2.94 

b.S4 

6.60 

6.66 

6.72 

6.7*’ 

2.93 

b .a" 

6.54 

6.60 

6 . 66 

6.71 

Mean 

2.93 

b.S2 

6.58 

6 . 65 

6.71 

6.-5 

I.pidosite  ( 

f Luray , V.i. ) 5 

3.17 

b.l9 

6.72 

7.04 

7.  18 

7.24 

3.17 

b .40 

6.78 

7.03 

7.  15 

7 

3.1b 

6.40 

6.80 

7.01 

15 

7.23 

Mean 

3.17 

6 . 33 

6.77 

7.03 

".  16 

7.23 

spiagioclasc,  actinolitc,  c I i nozoi s i t c , chlorite,  and  quartz. 
■‘■Atbite,  cpidotc,  chlorite,  actinolitc,  and  magnetite. 
Sfpidotc,  quartz,  albitc,  and  actinolitc. 
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l i(!.  14.  t'omprc^sional  wave  vcliKilics  lor  three  mulualls  perperi- 
rlieular  propagation  directions  in  amphibolite  Irom  the  Verna  Iracture 


and  stTpeiiliiif  has  been  diseuvsed  in  detail  b)  Ihnsiensfii 
1 l966/i|.  Of  siftnilieance  here  are  the  large  changes  in  selocilies 
and  Poisson’s  ratio  accompansing  changes  in  serpentine  con- 
lent. 

VelocilY-density  relaiion.s.  Bulk  densities,  determined  Iroin 
the  mass  and  dimensions  ol  cslindrical  samples,  are  almost 
universally  reported  in  rock  velocil.s  studies  Kelations 
between  velocity  and  density  are  important  because  they  allow 
estimates  of  crustal  density  to  be  made  Irom  seismic  relraclion 
velocities  and,  conversely,  because  rock  densities  can  be  used 
to  predict  elastic  properties.  I he  most  lrcc|uenlly  used 
velocity -densiiy  relation  is  that  given  by  Hirch  ||y(i|).  in  which 
for  a given  mean  atomic  weight  the  compressional  wave 
velocity  is  assumed  to  be  linearly  related  to  density  Most 
samples  from  oceanic  regions  are  malic  or  ultramalic  rvicks 
that  vary  only  slightly  in  mean  atomic  weight  Ihus,  to  a lirst 
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approximalion,  velocities  of  oceanic  rocks  should  be  linearly 
related  to  density.  Similarly,  estimates  of  density  can  be  made 
from  oceanic  crustal  velocities  without  knowledge  of  mean 
atomic  weight.  Kor  this  reason  simple  velocity-density 
relations  are  much  more  convenient  than  ones  that  require 
knowledge  of  rock  chemistry. 

In  Table  8 the  parameters  of  least  squares  solutions  of  the 
forms  f = o t-  hp  and  p = c t c/T  are  given  for  various  groups 
of  water-saturated  oceanic  rocks  at  pressures  of  0.5  and  1.0 
kbar.  Owing  to  the  lack  of  perfect  linear  correlation  between 
velocity  and  density,  the  regression  lines  of  f on  p ditl’er 


slightly  fromahe  regression  lines  of  p on  T,  the  latter  usually 
having  steeper  slopes. 

The  best  correlation  between  velocity  and  density  is  found 
for  basalts  obtained  from  the  OSOP,  as  is  illustrated  in  l igure 
16.  The  relatively  high  velocities  for  the  low-density  basalts 
suggest  that  nonlinear  solutions  may  be  more  appropriate  than 
linear  solutions.  Thus,  in  Table  9,  data  are  given  in  the  form 
T = a + 6p‘  for  the  various  groups  of  rocks  included  in  Table 
8.  The  nonlinear  solutions  calculated  for  the  DSDP  basalts 
are  also  shown  in  Tigure  16, 

The  correlation  coelficients  for  the  solutions  in  Table  8 that 
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Pressure , 
kba  r 
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km  s ■ ^ 
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km  s’  Vg  cm' 
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= a + 

PSPr  basalts 

0.5 

-4.20 

3 . 50 

0.20 

0.90 

93 

l.O 

"" 

-4.  10 

3.52 

0.20 

0.97 

93 

All  basalts  except 

0.5 

1.51 

-4.44 

3.04 

0.21 

0.95 

91 

vesicular  rocks 

1.0 

1.51 

-4.44 

3.  07 
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0.95 
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\1 1 metamorphics 
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50 

-.3.01 
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0.32 
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50 
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8" 
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.3: 
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0. 80 

04 
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1 .0 

.32 

-2.89 

2.  j5 
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0.~8 

01 

All  rocks  except 

0.5 

1"5 

-3.00 

2.43 

0.23 

0 . 89 

"9 

serpent i n Ltes  and 

1 .0 

175 

-3.50 

2 . 39 

0.22 

0 . 89 

80 

vesicular  basalts 

All  rocks 

0.5 

213 

- 3 . 30 

2.32 

0.25 

0.88 

“7 

1.0 

213 

-5.22 

2.29 

0.24 

0.88 

So  lilt  ion 

Pressure, 
kba  r 

S cm"  3 i; 

0 y 

cm"  Vkm  s'  ^ 

"(r.. 

K 

I>SltP  basalts 

0.5 

D 

= a + iPp 
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0.06 
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1.22 
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68 

1.0 

286 

1 .1" 

0 . 266 

0.13 

0.83 

68 

DSOP  basalts 

0.5 

*5 

= a -f-  bV^ 

1 . 56 

0.40" 

0.07 

0.94 

89 

1 .0 

"5 

1 .40 

0.428 

0.0" 

0.94 

89 

All  basalts  except 

0.5 

1 15 

1 .60 

0.  ,392 

0.0" 

0 . 93 

86 

vesicular  rocks 

1.0 

115 

1.57 

0.393 

0.07 

0.93 

8" 

All  metamorphics 

0.5 

32 

1 . 9(’ 

0.258 

0.06 

0 . 80 

64 

except  serpent  ini tes 

1.0 

32 

1.92 

0.269 

0.06 

0."8 

61 

Ml  rocks  except 

0.5 

r5 

1 .'8 

0.321 

0.08 

0.89 

"9 

serpent  inites  .and 

1.0 

r5 

1.''3 

0. 334 

0.08 

0 . 89 

80 

vesicular  basalts 

Ml  rocks 

0.5 

213 

1 

0 . 3.3 1 

0 . 09 

0.88 

- 

I .0 

213 

1 .■’2 

0.33*' 

0 . 09 

0.88 

n M niimbcr  of  data  points;  ^ , standard  error  of  estimate  of  V on  p; 
standard  error  ot  estimate  of  p on  r*,  correlation  coefficient;  r*  , coefficient  of  deter- 
minat ion. 
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f ig  16.  Velocity-density  relutions  lor  layer  2 basalts.  Solutions  arc  both  linear  and  nonlinear. 


include  only  metamorphic  rocks  are  relatively  low.  This  is  in- 
terpreted as  being  primarily  due  to  the  presence  of  signilicant 
anisotropy  in  some  of  the  metamorphic  rocks  examined. 

For  many  of  the  solutions  the  slopes  ol  the  regression  lines 
of  f'p  on  p are  between  2.5  and  3.9  km  s ' g cm  I These  arc 
slightly  higher  than  the  solutions  of  Birch  [1961]  at  10  kbar  lor 
rocks  of  approximately  constant  mean  atomic  weight.  Since 
the  slopes  of  the  regression  lines  of  f'p  on  p commonly 
decrease  with  increasing  pressure  (C/imten.ven  anJ  Shaw. 
1970],  higher  slopes  in  Table  S taken  at  0.5  and  1.0  kbar  are 
easily  understood.  An  exception  is  noted  in  solution  5.  in 
which  the  slope  of  the  regression  line  for  all  rocks  is  only  2.6 
km  s ' g cm  ’.In  Figure  17  the  velocities  for  all  rocks  at  1 
kbar  are  plotted  as  a function  of  density,  together  with  the 
linear  and  nonlinear  solutions  of  Tables  X and  9 for  all  rocks 
except  vesicular  basalts  and  serpentinites.  The  21  open  circles 
with  compressional  wave  velocities  of  approximately  5 km  s 
are  measurements  from  relatively  low  bulk  density  high- 
velocity  vesicular  basalts  from  the  Lau  ridge.  Shear  velocities 
measured  for  two  of  these  samples  are  shown  as  open  circles 
with  velocities  of  approximately  2.8  km/s.  I his  ligure  suggests 
that  basalt  velocities  are  not  significantly  lowered  by  porosity 
arising  from  vesicularity  (the  energy  (bllows  a path  of 
minimum  travel  time)  and  that,  further,  the  anomalous  slope 


of  solution  5 (Table  8)  is  due  to  the  relatively  high  velocities  of 
vesicular  basalts  in  relation  to  their  bulk  densities. 

Velocities  are  also  shown  in  Figure  17  for  serpentinites  and 
partially  serpentinized  ultramafics.  Of  importance  is  the  fact 
that  for  a given  density  the  compressional  wave  velocities  for 
these  rocks  tend  to  be  higher  than  velocities  in  gabhros. 
metagabbros,  metabasalts,  and  nonvesicular  basalts.  Thus,  as 
was  observed  earlier,  the  ratios  of  Fp  to  and  Poisson's  ratio 
are  relatively  high  for  serpentine-bearing  rocks. 

The  two  samples  in  Figure  17  with  the  highest  densities  are 
ilmenite-rich  norites  dredged  from  the  mid-Atlantic  ridge. 
Although  the  presence  of  ilmenite  in  these  rocks  significantly 
increases  density,  compressional  and  shear  velocities  in  these 
samples  are  similar  to  tho.se  of  normal  gabbros  and  norites. 
Since  ilmenite-bearing  norites  have  high  mean  atomic  weights, 
these  velocities  are  consistent  with  Birch's,  |I96I)  observation 
that  for  rocks  of  the  same  density,  velocities  decrease  with  in- 
creasing mean  atomic  weight. 

PeTROIOOIC  MODEt-S 

A number  of  petrologic  models  have  been  proposed  to  ex- 
plain the  observed  seismic  structure  of  the  oceanic  crust.  Most 
models  assume  that  layer  2 consists  of  basalt  that  grades 
downward  to  low-grade  metabasalt.  The  distributions  and 
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.Ml  basalts  except 
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relative  abundances  of  the  rock  types  believed  to  comprise  the  isotherm  should  be  within  the  crust  under  the  mid-Allantic 
lower  crust,  however,  are  still  highly  debated.  Having  e\-  ridge  and  at  deeper  levels  under  the  Last  Pacific  rise.  I his  third 

amined  the  seismic  structure  of  the  oceanic  crust,  as  well  as  the  point  is  contradicted,  however,  by  the  fact  that  heat  How 

petrology  of  samples  recovered  from  the  sea  floor  and  the  values  appear  to  be  higher  over  the  Past  Pacific  rise.  Oxhurgh 

velocities  through  such  samples,  we  are  linally  in  a position  to  and  Turcoiie  [IdbS'l.  focusing  on  the  nature  of  the  crust-mantle 

evaluate  petrologic  models  of  the  lower  crust.  transition,  argued,  in  addition,  that  if  the  lower  crust  is  par- 

tially serpentini/ed.  one  would  expect  a gradational  boundary 
Serpenliniie  Model  between  the  crust  and  underlying  mantle.  .At  that  time. 

Noting  the  abundance  of  serpentinite  at  mid-ocean  ridges  velocities  in  the  range  7. 1-7.7  km  s were  not  commonly 
and  along  the  walls  of  trenches.  Hess  [1962].  in  a proposal  that 
is  still  controversial,  suggested  that  layer  .1  is  composed  of 
serpentini/ed  peridotite.  .According  to  Hess's  model,  partially 
serpentini/ed  peridotite  is  generated  by  hydration  of  mantle 
peridotite  along  ridge  crests  at  sites  above  the  500°C  isotherm. 

Partially  serpentini/ed  peridotite.  comprising  layer  .1.  is  carried 
laterally  by  sea  floor  spreading:  the  present  Mohorovicic  (M) 
discontinuity  in  this  model  represents  a hydration  boundary 
fossili/ed  away  from  the  ridge  crests  at  lower  temperatures  of 


I50'’-200°C.  This  model,  later  adopted  by  Dietz  |I96.T|. 
received  considerable  support  when  Phillips  el  al.  (1969|  5 

observed  that  between  4.1°N  and  4.T°.T0'N  on  the  crest  of  the 
mid-Atlantic  ridge  there  is  an  area  of  about  l.‘'00  km“  in  which  ” 
dredging  recovered  serpentini/ed  peridotite  and  no  basalt.  ■* 
Vine  and  Hess  (1971)  suggested  that  within  this  region  (which  >_■  4 

is  in  the  vicinity  of  a major  fracture  /one  and  in  which  linear  t 

magnetic  anomaly  patterns  are  interrupted)  layer  .1  is  directly  3 
exposed.  > 


The  first  serious  challenges  to  the  concept  of  a partially 
serpentini/ed  lower  crust  were  presented  by  Cann  (1968)  and 
Oxhurgh  and  Turcoiie  (1968).  Cann  (1968)  noted  that  (I)  the 
supposed  inverse  thickness  relationship  between  layers  2 and  3 
over  the  mid-Atlantic  ridge,  observed  by  Le  Pichnn  el  al. 

(1965).  suggests  that  the  two  layers  are  of  similar  composition, 

(2)  the  narrow  range  of  velocities  observed  for  layer  3 \Raill. 

1963)  indicates  a remarkably  uniform  degree  of  partial  serpen- 
tini/ation,  and  (3)  the  absence  of  layer  3 over  the  mid-Atlantic  ,7  vclocity-densuy  relations  for  oceanic  rocks  al  I kbar. 

ridge  and  its  presence  over  the  tasl  Pacific  rise  imply  that  il  Solutions  are  both  linear  and  nonlinear.  Open  circles  rcprcscni 

layer  } is  composed  of  serpenlinized  peridotite,  the  5(X)®C  vesicular  basalt;  open  triangles,  serpentini/ed  ultramafics. 
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obM.'r\cd  in  Ihc  lower  oecaiuc  erll^l.  and  il  vvas  assumed  dial 
die  M diseoiUMums  represented  a sharp  houndars  between 
nialerials  with  seloeities  of  h ' and  S I km  s In  \iew  ol  these 
obieelions.  C ann  proposed  that  laser  S is  lormed  h\ 
iiietaniorphisni  ol  basallie  erusl  to  amphibolite,  sshereas  Os- 
burgh  and  l ureolle  supported  the  siew  that  laser  is  eoiii- 
posed  ol  gabbro  or  melabasile 

l.e  Puhiin  (ld(id|  resiessed  earls  ideas  on  lower  crustal  com- 
position and  concluded  that  there  were  no  deliiutisc 
arguniertls  either  lor  or  against  a serpenlinile  composition  lor 
laser  .V  More  recentls,  Holitit^a  and  Allegre  ( Id7.'|,  adopting  a 
serpentinlte  crustal  model,  argued  that  ( aim's  objections  to  a 
serpentini/ed  losser  crust  ssere  erroneousis  based  on  the  sup- 
position of  uml'orm  selocilies  and  thicknesses  ol  laser  and  a 
tenuous  correlation  between  heal  How  and  laser  .t  thickness 
Thes  eniphasi/e  that  a considerable  spread  of  seismic 
seKicities  is  obsersed  in  the  losser  crust,  and  thus  sside  ranges 
are  allossed  in  the  degree  of  serpentliii/alion.  .Mso.  because  ol 
the  scatter  in  oceanic  heat  lloss  salues.  ans  relationship 
between  heal  Ilow  and  the  thickness  of  laser  } is  questionable. 
An  examination  of  f igures  1 and  2 shows  that  losser  crustal 
selocilies  peak  at  b.S  km  s.  and  it  is  thus  suggested  that 
peridolite  of  approximatels  .f.s'i  serpentine  content  mas  be 
abund.int  within  the  losser  oceanic  crust,  lloweser.  the  range 
of  lower  crustal  compressional  wase  selocilies  is  6. 4-7. 7 km  s. 
sshich  can  he  interpreted  us  esidence  for  variabilits  in  losser 
crustal  serpentine  content  between  approximatels  50  and  lO'V. 
Thus  uniform  losser  crustal  velocities  should  not  be  regarded 
as  suHicient  reason  for  an  eass  rejection  of  a serpentini/ed 
losser  crust 

The  most  damaging  esidence  against  the  serpentini/ed 
peridotile  model  for  laser  .7  is  reported  hs  Chrisiensi’H  ||y72a|, 
ssho  shosss  that  the  ratios  of  T,,  to  f',.  and  hence  I’oisson's 
ratios  for  partialis  serpentini/ed  pendotites.  are  much  higher 
than  those  obsersed  from  oceanic  crustal  seismic 
measurements.  The  dependence  of  Poisson's  ratni  on  serpen- 
tine content  for  partialis  serpentini/ed  pendotites  is  shown  in 
figure  15;  a comparison  of  these  salues  with  the  seismic  data 
summari/ed  in  Table  1 clearls  illustrates  the  mconsistencs  of 
measured  selocilies  in  serpentiniies  ssiih  laser  seismic 
refraction  data.  Ratios  of  f'p  to  T,  in  mans  basaltic  rocks. 


Vs  ,km/s 

fig  Ik.  Compressional  and  shear  wave  velocities  at  1 kb.ir  lor 
possible  lower  crustal  rocks.  The  shaded  area  shows  the  range  ol 
refraction  velocities  tabulated  m Table  I.  Solid  triangles  represent 
metabasite;  open  circles,  gabbro.  norite,  and  anorthositic  gabbro. 
solid  circles,  altered  gabbro  and  metabasite 


however,  agree  well  with  seismic  observations  \C  hnsietnen, 
ld72u|;  thus  it  is  clear  that  the  serpentine  content  ol  the  lower 
oceanic  crust  must  be  limited  to  a small  fraction,  prohabis  less 
than  lO'f 

Mt'liihuMW  and  (juhhro  Mndcls 

In  addition  to  Cunn  |iybX|  and  Oxhurfih  and  I urmiie 
jidbK|.  a number  of  authors  have  suggested  that  the  lower 
crust  is  composed  principalis  of  gabbro  or  metabasite  On  the 
basis  ol  petrologic  arguments  and  laborators  measurements  ol 
seismic  selocilies  m rocks.  C hr(\ien\i-n  |IV7l)uj  presented  a 
model  for  the  oceanic  crust  m wh'ch  laser  .'  consists  ol  the 
mineral  assemblage  plagioclase  and  hornblende,  occurring  as 
hornblende  gabbro  and  ;imphiholite  Stnashiro  el  al  [iv'llbl 
proposed  that  laser  } c-mlains  melabasall.  melagabhro.  and 
serpentimtes  formed  bs  hsdralion  ol  pendotites.  the  latter 
having  intruded  into  fracture  /ones. 

Seser.il  earls  papers  |AMirig  and  Awing.  195V;  (mtenherg. 
1959;  Ram.  I96.7|  concerned  with  the  seismic  structure  ol  the 
oceanic  crust  favored  a simple  gabbro  composilion  lor  the 
lower  crust.  .More  recentls.  Fox  el  a!  1197.7].  on  the  basis  ol  a 
comparison  of  laser  .7  refraction  velocities  with  laborators 
measurements  of  compressional  wase  selocilies  through  rock 
samples  dredged  from  the  North  Atlantic,  reached  this  same 
conclusion,  noting  that  of  the  oceanic  rock  ispes  considered, 
only  gabbros  have  velocities  generally  compatible  with  those 
of  layer  .7  (b.7-h.9  km  s)  al  appropriate  pressu.a's  Since  we 
find  in  this  studs,  and  in  earlier  studies  [Hirch.  19(4).  I9(i|; 
Chrislensen.  1965.  1970/i|.  that  velocities  m metabasites  are.  in 
many  instances,  also  compatible  with  those  ol  laser  } we 
suggest  that  the  jomposition  ol  the  lower  crust  is.  in  all 
probability,  considerably  more  complex 

The  principal  dilliculty  with  using  only  compressional  wase 
velocities  in  interpreting  crustal  composition  is  that  since 
many  mineral  assemblages  can  produce  similar  velocities, 
solutions  based  on  this  approach  are  nonunique.  1 his  problem 
IS  illustrated  in  figure  15  for  the  three-component  systems 
hornblende-plagiiKlase-augite  and  olis  ine-enslatile-serpenline; 
lower  crustal  compressional  wave  selocilies  ranging  from  6.4 
to  7.7  km  s include  every  possible  mineral  assemblage  m the 
hornhlende-plagioclase-augile  system.  Thus  if  one  considers 
only  this  mineral  assemblage,  lowet  crustal  compressional 
wave  selocilies  can  be  equated  with  hornblendile.  pyroxenite. 
anorthosite,  amphibolite,  and  gabbro.  Restricting  considera- 
tion to  velocities  within  the  range  6. 7-7.0  km  s still  permits  a 
wide  variety  of  possible  mineral  assemblages  to  occur  within 
the  lower  oceanic  crust. 

If  both  compressional  and  shear  wase  velocities  are  con- 
sidered. however,  the  compositional  resolution  of  velocity 
studies  can  be  signiticamly  improved.  L nfortunately.  little 
attention  has  been  given  by  seismologists  to  obtaining  shear 
velocities  for  crustal  layers.  Owing  to  problems  in  identifying 
and  interpreting  converted  secondary  shear  arrivals 
characteristic  of  marine  refraction  studies,  ohscrsaiional  shear 
wave  velocity  data  are  extremely  limited  (Table  I ) and  subject 
to  relatively  large  uncertainties.  Nonetheless,  the  importance 
of  these  measurements  in  understanding  crustal  composition 
(C'Ari.sren.sen.  l')72al  makes  it  desirable  to  use  what  data  are 
available 

Laboratory  measurements  of  compressional  and  shear  wave 
velocities  are  now  available  for  most  nsek  types  postulated  to 
be  major  constituents  of  the  lower  oceanic  crust  (f  igures  II 
and  12).  In  figure  18  it  can  be  seen  that  fresh  gabbros.  norites. 
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aiii!  anorlhosllic  iiabhros  gcncralK  hasc  hijihs-r  I’oisson's 
ratios  ami  comprcssional  was  s'  sclocilics  than  niclabasalls  and 
mclaaabbros.  l iyurc  I 5u.  as  ssas  dissiisscd  earlier,  aiss)  sluisss 
the  sanations  ol  seloeities  and  1‘oisson's  ratio  ssith  mineral 
eomposition  lor  anorthosites,  gabbros,  and  amphibolites 
Mthoiiuh  little  is  knossn  about  theelleet  ol  mmeralogs  on  the 
elastic  properties  ol  greensehist  taeies  rocks,  it  is  clear  Ironi 
f igures  l.su  and  IS  that  the  melamorphism  ol  gahhro  to 
amphibolite  I'aeies  mineral  assemblages  lossers  I’oisson's  ratio 
to  values  generalls  betsseen  0.2b  and  0.2S 

I igure  IS  also  shosss  the  range  ol  losser  crustal  eom- 
pressional  and  shear  ssase  velocities  tabulated  m I able  I 
•\lthough  certamis  more  obsers  ational  and  experimental  data 
are  desirable,  the  agreement  ol  losser  crustal  sehicities  ssith 
laborators  measurements  in  metabasites  is  striking.  It  should 
be  emphasi/ed  that  obsersed  seloeities  are  not  consistent  ssith 
the  elastic  properties  ol'  fresh  gabbro.  it  must  be  noted, 
hosseser.  that  the  shear  ssase  seloeities  so  far  determined  lor 
laser  .f  are  for  crustal  regions  ssith  comprcssional  ssase 
seloeities  of  b, 5-7.0  km  s.  corresponding  to  the  upper  part  ol 
the  losser  crustal  refractor.  Thus  g.ibbro  or  other  rock  tspcs 
mas  ssell  be  abundant  eoiistiiuents  beloss  the  melamorphics  ol 
the  losser  oceanic  crust. 

Ophiotiles 

I he  most  sophisticated  and  detailed  models  of  the  oceanic 
crust  are  based  on  exaMination  of  .1  small  number  ol  malic- 
ultramalic  complexes,  the  ophiolites.  thought  hs  mans  to  be 
segments  of  oceanic  crust  tectonicalls  emplaced  on  land 
\l  ans  ol  the  ophiolites  ic  g . those  of  the  (.  alilornia  coast 
ranges  [Wui/ci  <•/  u/ . Id"’(l;  /'ugc.  I‘f'2|.  C osta  Rica  [Pciigd. 
I‘>b2|.  Ness  C aledonia  |.^^lus,  |db^|.  the  eastern  C elebes  lAiun- 
(/ig.  Id5b|.  northern  India  {(lanwcr.  (‘fb4(.  southeast  (urkes 
[Hik"  i/f  Highi  anj  ( dricMnu.  I4(i4|.  and  the  Mediterranean 
region  \Sleininann.  I')2b.  I uuguut,  Idb.^;  I’aniii.  I'f'ljlareso 
faulted,  dispersed,  and.  m some  instances,  metamorphosed 
that  their  examination  is  unprofitable  lor  purposes  id  crustal 
reconstruction  Others  le  g . the  Betts  cose.  Mings  bight,  and 
Bale  \ erte  complexes  of  central  Ness  loundland)  are  seemmgis 
intact  but  mexplicabls  thin  [Pch ex  ami  Hint.  1471:  Lpadhvax 
el  at . t hunh  and  SUTenx.  I4'’l|. 

\ small  number  ol  ophiolite  complexes  |m  particular,  the 
\ ourmos  ci'inplex  of  northern  Cireeee  \Hrunn.  |sf5b:  Moiires. 
I'fbd).  the  Troodo.  complex  of  C sprus  [Heur.  |‘)b0:  C/uss  and 
Ua\s(in-.Sinilh,  I'fb.V  C/uss.  Idb.S;  .Maores  and  line.  I'f7l; 
Oreenhauin.  l')72;  i me  et  at..  (iai.x  and  Snie»tn,^.  147.f|. 

the  Senuiil  complex  of  Oman  [Hetnhardi.  19b4;  .AUeniann  and 
Peters.  I‘f72|,  Papua  [Davies.  1471 1.  and  the  Bas  of  Islands 
complex  of  sscslern  Nessfoundland  [Chureh  and  Stevens.  I47|; 
H'illiants.  1471;  Ht/liams  and  Matpas.  1472|)  are  intact,  un- 
metamorphosed, and.  in  the  last  three  instances,  sirai- 
igraphieallv  robust.  Although  thev  are  subjeet  to  other  in- 
terpretations, it  has  been  suggested  that  the  I roodos  and  Pa- 
puan complexes  can  be  geophvsiealls  traced  to  the  sea  |f/a,v.v 
and  Massan-Smiih.  I4b.f;  Davies.  1471 1.  a distinction  shared 
onK  svith  the  Macquarie  Island  ophiolite  complex  [I  ante  el 
at . I4b4;  \ ante  and  Ruhenaeh.  I472|.  sshieh  is  apparentls  be- 
ing rai'cd  above  sea  level  even  at  the  present  lime. 

The  stratigraphic  columns  representing  this  select  group  ol 
ophiolites  are  presented  m t igure  14.  along  with  Railt's  mean 
oeeanie  crust  and  the  mean  of  each  veloeilx  model  obtained 
from  the  sonobuoy  data  presented  earlier  m figure  b. 
I ithologic.  struciural.  textural,  and  melamorphie  facies 


relationships  obsersed  m these  complexes  base  been  incor- 
porated m I igure  14  lo  lacililalc  comparison  with  samples 
dredged  and  cored  Irom  the  oceanic  crust  and  lo  lacililate  m 
terprelation  m terms  ol  seismic  structure  It  should  be  noted 
that  since  these  complexes  are  the  subiect  ol  current  study, 
their  columns  aie  subiect  to  revision,  for  each  ophiolite  in 
figure  14  the  lower  erusial  relractor  has  been  equated  with 
diabase  dikes  when  they  arc  present  in  sullicienl  number  .As 
was  shown  in  the  preceding  section,  the  lop  ol  the  refractor  is 
most  likely  a boundary  dependent  on  melamorphie  grade 
Thus  the  actual  position  ol  this  boundary  may  be  within  the 
dike  sw.irms. 

L tirainaties  uf  the  ophiidile  lalunm  I he  ophiolites  in 
figure  14  are,  m many  respects,  remarkably  similar  I he 
deepest  level  of  each  consists  of  a thick  unit  ol  ullramalic  lec- 
tonile  composed  of  h.ir/burgile.  dunite.  and  Iher/olite  lying  m 
fault  contact  .igainst  country  rock  here  the  basal  contact  is 
exposed,  the  country  rock  generally  is  observed  to  have  a 
melamorphie  'aureole'  of  garnet  amphibolite  in  the  vicinity  ol 
the  fault.  T he  uppermost  leveKi  f the  ullramalics  appear  lo  be 
generally,  although  not  mvariab'y.  cumulate  m origin.  1 his 
level  exhibits  a wide  variety  ol  ullramalic  lithologies,  dunile. 
har/burgile,  and  pyroxeniie  predominating.  ( umulale  or 
podiforni  chroniitites  ,ire  ciimmonly  associated  with  the 
dunites.  I’yroxeniles.  abundant  in  the  ophiolites  only  at  this 
level  and  in  the  lower  levels  of  the  overlying  gahhros,  tend  to 
be  clmopyroxeiie  rich  (aiigile.  chrome  diopside).  as  are 
associated  peridolites.  T he  uppermost  ullramalics  are  usually 
feldspalhic  peridotiies  or  feldspalhic  dunites.  signaling  the  first 
appearance  of  feldspar  as  a cumulus  phase  and  the  transition 
to  the  overlying  gabbroic  level. 

The  transition  /one  or  Aloho'  between  the  ultramalics  and 
the  gabbros  is  often  slronals  lasercd  wiih  dunile.  ps rownite. 
anorthosite,  feldspathic  dunite.  wehrlile,  norite,  and  troclolile 
as  the  predominant  lithologies. 

Signilicantly,  the  transition  /one  is  often  quite  abrupt  llor 
example,  in  the  Bay  of  Islands  complex  the  change  Irom 
oliv  me  lo  calcic  plagioclase  as  the  predominant  cumulus  phase 
occurs  111  less  than  KKl  m).  f inally,  the  transition  /one  and  the 
levels  adiaeent  to  it  are  commonly  intruded  by  dikes  and 
pegmatites  of  pyroxenite.  anorthosite,  and  gabbro. 

(lahhnis  The  thick  gabbroic  level  above  the  ullramalics. 
commonly  equated  in  whole  or  in  part  with  layer  (Ga.v.v. 
l4bX;  Dexsev  and  Bird.  I47|;  .Moores  and  l ine.  1471).  can  best 
be  described  in  terms  of  three  major  elements  present  m vary- 
ing degree  in  the  ophiolites  of  figure  14:  cumulate  gabbros, 
massive  gabbros.  and  gabbroic  sheeted  dikes. 

Cumulate  gabbros  are  found,  and  m many  instances  are 
predominant,  in  the  lower  levels  of  each  complex  shown  m 
figure  14.  Near  the  Moho  transition  /one.  pyroxeniles.  troe- 
loliles,  and  anorthosites  are  common,  hut  upward  the 
cumulate  gabbros  are  for  the  most  part  noritic:  near  the  top  of 
the  cumulates,  gabbros  with  primary  and,  in  some  instances, 
eumulale  hornblende  are  often  encountered.  Although  layer- 
ing. particularly  in  the  lower  levels,  is  often  extremely  well 
developed,  individual  layers  cannot  usually  he  traced  laterally 
for  more  than  a few  hundred  meters.  The  eumulale  gabbros 
grade  upward  and  or  laterally  into  massive  gabbros  W iih  the 
exception  of  Papua,  where  the  gabbros  are  hornblende  free, 
the  massive  gabbros  are  often  extensively  uralili/ed  and 
sausseriti/ed.  In  both  the  cumulate  and  noneumulate  eases  the 
dilTerenliation  in  the  gabbros  is  extensive;  not  only  do  the  gab- 
bros become  increasingly  silica  rich  upward  but  also  the 
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t ig,  19.  Comparison  of  stratigraphic  and  petrologic  held  relations  m major  ophioliie  compleves  with  the  seismic  struc- 
ture of  the  oeeanic  crust  as  summari/ed  h\  Rain  [I963j  and  interpreted  Ironi  svinobuos  studies.  Minor  lithologies  are  m 
parentheses;  lithologies  of  limited  vertical  range  are  betvveen  dashed  lines;  metamorphic  lacies  terms  are  m italics.  Vertical 
and  horizontal  striping  represents  sheeted  dikes  and  cumulate  lavering.  respectivelv. 


petrologic  extremes  of  mafic  dilTerentiation,  namelv,  dionles. 
trondhjemites.  and  granophyres.  are  usually  found  as  pods 
and  intrusions  at  structurally  high  levels  just  below  the  sheeted 
dikes. 

The  last  and  most  intriguing  element  of  the  gahhroic  level  is 
the  sheeted  dike  complex  found  in  the  upper  levels  of  lour  ol 
the  five  ophiolites  examined  here.  Many  authors  [Hear.  19WI. 
Go.v.v  and  Masson-Smith.  I96.V  Moores  and  l ine.  I47l|  con- 
sider that  these  complexes,  consisting  in  the  most  well- 
developed  instances  entirely  of  narrow  one-sided  vertical  dikes 
intruded  one  against  the  next  with  no  country  rock,  could  have 
been  formed  only  in  a tensional  environment  such  as  that 
thought  to  exist  at  ridge  crests.  This  configuration  is  persuasive 
and  nearly  unique  to  the  ophiolites  but  not  ubiquitous  among 
them,  being  absent,  for  example,  in  Papua  and  only  poorly 
developed  in  Vourinos. 

Viewed  more  closely,  the  sheeted  dikes  are  quite  complex. 
Their  lower  contact  is  characterized  by  mutually  contradictory 
(i.e..  synchronous)  intrusive  relations  in  which  the  sheeted 
dikes  intrude  and  are  intruded  by  the  underlying  massive  and 
cumulate  gabbros.  In  some  instances  (e  g..  Iroodos)  highly 
metamorphosed  vestiges  of  extrusive  country  rock  are  present 
as  screens.  The  contact  with  the  overlying  extrusive  unit  is 
equally  complex,  being  best  described  in  a statistical  sense  as 
that  point  at  which  the  dikes,  diminishing  in  number  upward. 


first  constitute  less  than  50'"r  of  the  unit.  ,Mso.  at  ap- 
proximately this  point  in  many  complexes  the  remaining  dikes 
continue  upward  as  feeders  for  extrusives  at  higher  levels  and 
become  more  randomly  oriented. 

The  dikes  themselves  are  also  internally  complex.  Many  arc 
brecciated  [Reinhardt.  1969;  Willianis  and  Malpas.  197^)  by  a 
mechanism  tentatively  identified  as  gas  fluidization  In  addi- 
tion. there  appear  to  be  several  stages  of  dike  intrusion, 
hinally.  if  should  be  noted  that  of  the  minerals  originally  pres- 
ent in  the  sheeted  dikes,  only  altered  plagioclase  and  minor 
relict  pyroxene  remain,  the  pyroxene  having  been  partially  or 
completely  replaced  by  hornblende  characteristic  of  the 
amphibolite  facies  or  by  fibrous  actinolite  of  the  greenschist 
(iidcs  [H'illiains  and  .Ualpas.  1972;  i ante  and  Ruhenach.  1972]. 
The  metabasites  of  the  sheeted  dikes,  and  in  some  instances  the 
massive  gabbros  below,  often  show  evidence  of  having  been 
pervasively  uralitized  and  sausseritized.  apparently  through 
extensive  hydrothermal  metamorphism. 

R.xirusiLes.  Overly  ing  the  gabbros  in  all  the  ophiolites  ex- 
amined is  a unit  of  igneous  extrusives  composed  of  pillows, 
flows,  and  minor  flow  breccias  of  basaltic  or  andesitic  com- 
position. Cireenschist  facies  spilites  are  common  in  the  lower 
levels  of  particularly  thick  extrusive  piles;  high-level  extrusives 
are  generally  in  the  zeolite  facies.  Sulphide  mineralization  is 
common  and  apparently  associated  with  late-stage  intrusive 
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acliMlY.  I'ltramatic  CAtrusivcs  arc  reported  but  rare  (Od.vY  and 
\lasM)H-Smilh.  1963). 

Sediments.  Intercalated  in  and  l>ing  depositionall.Y  upon 
the  evtrusives  are  olten  I'oiind  cherts  ol  deep-sea  orijtin,  shales, 
and,  in  some  instances,  elastics  from  the  continental  maritm 
These  represent  the  uppermost  and  final  unit  oT  the  ophiolites 

Eealuution  of  the  ophioUte  hypothesis  Although  the 
ophiohte  model  of  oceanic  crustal  structure  has  been  presented 
m some  detail  above,  a question  remains:  what  e\idence  is 
there  both  for  and  against  the  hypothesis  that  the  ophiolites 
are  segments  of  oceanic  crust?  In  response  to  this  question  the 
following  arguments  can  be  presented  in  support  ol  the 
hypothesis, 

I.  Cherts  and  shales  forming  an  integral  part  of  many  of 
the  ophiolites  are  clearly  of  deep-sea  origin. 

The  presence  of  pillow  structures  in  the  e\trusi\es 
demonstrates  formation  in  a subaqueous  environment.  I hat 
these  evtrusives  are  frequently  spilites  suggests  (but  does  not 
prove)  that  this  environment  was  oceanic. 

3.  There  is  an  e.xcelient  correspondence  between 
lithologies  obtained  in  dredge  hauls  at  sea,  described  m the 
section  on  rocks  from  the  lower  oceanic  crust,  and  those 
observed  and  described  above  for  the  ophiolites.  1 his  corre- 
spondence incorporates  not  only  all  major  lithologies  and 
metamorphic  facies  but  also  extends  even  to  vibscurc 
lithologies  such  as  plagioclase  peridotite  [Floshko  and 
Bogdanof.  I96S;  Smith.  196X].  hydrogrossular  peridotite 
|5ii/7rer  er  a/..  1970;  Smith.  195X|,  anorthosite,  troctolite.  and 
granophyre.  As  well  as  can  be  determined,  there  is  also  a rough 
correlation  between  the  stratigraphic  position  of  a given 
lithology  in  the  ophiolites  and  its  recovery  interval  m dredging 
[Bonatti  et  at  . 1970). 

4.  If  seismic  velocities  are  assigned  to  the  ophiolites  on  the 
basis  of  the  observed  lithologies  discussed  above  and  the 
laboratory  findings  presented  earlier,  the  velocity  column  of 
the  ophiolites  is  found  to  be  consistent  with  that  of  the  oceanic 
crust  as  determined  from  seismic  refraction  studies. 
Specifically,  the  extrusives  will  range  in  compressional  wave 
velocity  Vp  between  3.5  and  6.5  km  s (identical  to  the  range  of 
layer  2 velocities)  and  in  shear  wave  velocity  f , between  I.S 
and  3.6  km  s.  The  lowest  velocities  will  be  noted  in  extremely 
weathered  or  pillowed  extrusives,  the  highest  velocities  in  fresh 
basalts,  and  intermediate  velocities  in  chlorite-rich  greenschist 
facies  metabasalts  and  moderately  weathered  or  pillowed  ex- 
trusives. 

Velocities  in  the  gabbroic  unit  will  range,  on  the  basis  of 
laboratory  studies,  from  6.3  to  7.2  km  s for  Vp  and  from  3.3  to 
4.0  km  s for  f'„  in  good  agreement  with  the  observed  range  of 
velocities  for  layer  3.  In  the  uppermost,  or  sheeted  dike,  level 
the  compressional  and  shear  wave  velocities  will  be  those  of 
hornblende  metagabbro.  6.8  and  3.8  km.s.  respectively. 
Unmetamorphosed  and  cumulate  gabbros  found  at  in- 
termediate levels  will  have  compressional  wave  velocities  of 
7.0-7. 2 km  s in  the  horizontal  propagation  direction  and,  in 
the  case  of  cumulate  gabbros.  may  have  velocities  as  high  as 
7.4  km  s in  the  vertical  direction  owing  to  the  statistical  align- 
ment of  plagioclase  (OlOj  axes  in  the  vertical  direction  during 
crystal  settling.  .Since  the  (010)  direction  in  plagioclase  is  fast 
[Alexandrov  and  Ryzhova,  1962;  Ryzhova.  1964).  cumulate 
gabbros  are  transversely  isotropic,  velocities  being  slow  in  the 
horizontal  plane  of  refraction  propagation.  Although 
measured  velocities  in  selected  directions  in  cumulate  gabbros 
may  approach  those  of  the  basal  layer  of  Sutton  et  al.  ) 1969).  it 


IS  apparent  that  the  velocity  ol  the  basal  layer  cannol  be  ev- 
plained  in  terms  ol  this  lithology  Only  in  the  very  malic  lower 
levels  of  the  cumulates,  in  the  v icinity  of  the  gabbro-ultramalic 
transition  zone,  are  lithologies  encountered  with  coni- 
pressional  wave  velocities  comparable  to  those  ol  Ihe  basal 
layer. 

Since  layer  velocities  are  determined  Irom  energy 
propagating  along  Ihe  uppermost  part  ol  a layer,  layer  3 
velocities  in  ophiolites  should  correlate  with  sheeted  dike 
metamorphic  assemblages  rather  than  with  the  underlying 
gabbro.  It  is  thus  significant  that  Ihe  compressional  and  shear 
wave  velocities  of  these  assemblages  are  m specilic  agreement 
with  those  of  layer  3.  It  is  also  interesting  to  note  that 
petrologic  models  equating  layer  3 with  gabbro  on  the  basis  ol 
velocity  are  thus  inconsistent  with  ophiohte  models 

f inally,  on  the  basis  of  velocity  measurements  through  un- 
serpenlmized  ultramalics  reported  elsewhere  in  the  literature 
[Bireh,  1960;  Christensen.  19666).  the  mantle  level  ol  Ihe 
ophiolites  will  range  in  compressional  wave  velocity  Irom  7.8 
lo  8.5  km  s,  in  good  agreement  with  measured  oceanic  mantle 
velocities. 

5.  Internal  structural  relations  in  the  ophiolites  are  consis- 
tent with  formation  al  the  ridge  crests.  Specifically,  the  presence 
of  sheeted  dikes  and  cumulates  implies  continuous  creation  ol 
void  space  at  a site  of  lensional  spreading;  the  lilling  ol  this 
space  with  iholeiitic  magma  suggests  that  this  site  was  in  the 
ocean  basins. 

6.  finally,  the  high  heat  flow  commonly  observed  al  the 
ridge  crest  cannot  be  explained  by  thermal  conductivity  alone; 
as  was  demonstrated  by  Bottinga  )I974)  and  Lister  )1972).  a 
large  additional  component  of  heal  transler  must  occur 
through  water  circulation  lo  considerable  depths  in  layer  3.  An 
almost  inevitable  consequence  of  such  circulation  would  be 
pervasive  hydrothermal  metamorphism  comparable  to  the 
uralilization.  sausserilization.  and  spilitizalion  observed  in  the 
extrusives  and  upper  gabbros  of  the  ophiolites.  Where  water 
has  been  denied  access  lo  Ihe  lower  oceanic  crust,  as  perhaps  it 
has  in  Papua,  such  melamorphism  would  be  lacking  or  in- 
complete. 

Although  many  features  of  the  ophiolites  can  best  be  ex- 
plained in  terms  of  an  oceanic  crustal  origin,  a di.sconcerling 
number  of  features  remain  inconsistent  vvitb  the  ophiohte 
hypothesis. 

I.  .Although  seismic  velocities  measured  for  the  oph.olite 
columns  are  consistent  with  those  of  the  oceanic  crust, 
thicknesses,  for  the  most  part,  arc  not.  Of  the  five  ophiolites 
examined  in  I'igure  19.  only  one,  the  Bay  of  Islands  complex, 
has  both  an  extrusive  layer  and  a gabbroic  layer  with 
thicknesses  falling  simultaneously  within  one  standard  devia- 
tion of  Rain's  mean  thickness  estimates  for  layers  2 and  3. 
Layer  3 thicknesses  for  most  of  the  ophiolites,  including  such 
petrologically  complete  complexes  as  Troodos  )Ga.v.v  and 
Masson-Smith.  1963).  Canyon  Mountain  [Thayer.  1963). 
Vourinos  [Moores,  1969),  Semail  [Reinhardt.  1969).  Mings 
bight.  Baie  Verte,  and  Betts  cove  [Pewey  and  Bird.  1971).  are 
thin  by  factors  ranging  from  2 to  5. 

In  addition,  in  no  ophiohte  has  a basal  layer  of  reasonable 
thickness  been  found.  Recently  . Moores  and  .lacKson  )I974) 
have  equated  the  basal  layer  of  Sutton  et  al.  )I97I)  to  layered 
cumulates  found  in  the  lower  sections  of  ophiolites.  1 he  lower- 
velocity  basal  layers  (Ip  ^ 7. 1-7.2  km)  are  postulated  to 
originate  from  the  presence  of  olivine  cumulate  containing  as 
much  as  25'’!  plagioclase  and  25?;  pyroxene  in  the  interstices. 
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■iiul  hii!hcr-\cli'cil>  b.ivil  l.ncrs  ( ' 7 (>  km  .iic  prcMMii.ibl> 
compDM-d  ok  iiliMiii;  cunuilatc  \Mlh  less  posieiinuiUis  iiuileri.il 
Simple  e.ileiil.ilu'iis  b.ised  mi  mmeral  .iiui  rock  veloeilies  sum- 
mari/ei.1  b\  Hirch  [IdWI.  p)(il|  aiul  (.  hri\iin\eti  lldfis]  slum 
that  at  2 kb.ir  a roek  eontamms:  51)''  uliiine.  2^ • pvrovene. 
aiul  -5'r  plajiiiielase  ( Amh,,)  umikl  have  a eompressimuil  wave 
veliieilv  between  7>;  and  SO  km  s Smee  veloeities  merease 
with  deereasini:  pvrovene  and  plagioelase  eonleiu.  the  roeks 
desenbed  bv  M()orc\  aiiJ  Jackson  |ld74|  eamuit  beeriistal  eon- 
stituents  blit,  on  the  basis  ol  veloeitv.  belong  within  the  upper 
mantle  1 1 ,,  ' 7.S-S.5  km  s).  l ithologies,  however,  that  would 
proiiuee  acceptable  basal  laser  velocities  are  olivine  gabbro 
[C  hnslensen.  m(i5|.  partialis  serpentim/ed  pendotite  \Hinh, 
1460.  \'^)ts\:  C hrisU'iist'ii.  Idb(i7i|.  pv rovemtes  Id(i0|.  and 

I'oliated  amphibolites  [Chrislcnsioi.  iy(i5|. 

2.  Maior  parts  of  the  extrusive  levels  ol  several  ol  the 
ophiolites  (lor  evample.  Vourinos  and  I rondos)  are  composed 
not  of  oceanic  tholeiites  but  of  andesitic  basalts  and  andesites 
[Moons.  Idb^;  .Moons  and  i ine.  1971 1.  1 his  composition  has 
prompted  Miyashiro  |I97,7|  to  suggest  that  mans  ol  the 
ophiolites  were  formed  not  on  the  ridge  crest  hut  in  an  island 
arc  environment. 

.7.  Values  of  heat  How  measured  at  the  ridge  crests  are  too 
low  to  be  consistent  with  the  evistenee  of  magma  chambers  m 
laver  of  the  si/e  considered  necessarv  to  generate  major 
cumulate  complexes  [Botlin^a  and  .-illegre.  I97.^|. 

4.  Sediments  interbedded  with  and  immediatelv  overiving 
the  uppermost  evtrusives  of  a number  of  the  ophiolites  are  not 
of  deep-sea  origin  but  are  characteristic  instead  of  the  con- 
tinental margin  or  island  arc  environment  \De»ey  and  Bird. 
I97t|, 

5 . In  (he  ease  of  a(  least  (wo  of  (he  ophioUtes  ll  roodos  and 
the  Bay  of  Islands)  the  orientation  of  the  sheeted  dikes  is 
currently  perpendicular,  rather  than  parallel,  to  the  trend  ol 
the  ridge  crests  at  which  they  are  thought  to  have  been  formed 
[ Moons  and  line.  1971;  Williams  and  Malpas.  I972|. 

6.  If  the  M discontinuity  lies  at  a transition  between 
cumulate  gabbro  and  cumulate  ultramalics.  as  it  does  in  the 
ophiolites  [Moores  and  line.  1971 1.  mantle  relraction 
veloeities  will  be  from  cumulate  ultramafic  levels.  1 his  sup- 
position IS  inconsistent  with  observed  mantle  anisotropy,  since 
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t ig.  20.  formation  of  new  oceanic  crust  in  leaky  Iranslorm  laiill 
/ones  as  a result  of  a change  in  the  spreading  direction  |ran  .■indcl  el 
al . I969| 


ciimul.ile  ultramalics  are.  lor  the  most  part,  transversely 
Isotropic  [i  hnsiensen  and  (.  rosson.  l9f)Sj 

I he  obiections  raised  above  do  not  argue  against  an  oceanic 
origin  lor  the  ophiolites  hut  emphasi/e  that  the  ophiolites  are 
not  normal  oceanic  crust  \\  here.  then,  might  they  originate'’ 
I hree  sites  answer,  m part,  this  question  and  the  objections 
raised  above 

.Marginal  hasins.  leaky  iranslorm  laulls.  and  immalure  ridge 
tresis  number  of  authors  [Dessey  and  Bird.  19") I . 

I padhyav  el  al  . 1971 1 have  suggested  that  some  ophiolites 
originated  m marginal  basins.  Such  an  origin  might  well  ev- 
pl.iin  the  andesitic  nature  of  some  ophiolite  evtrusives;  rocks 
of  this  suite  have  been  recovered,  for  evample.  Irom  layer  2 in 
the  Philippine  Sea  [Karig.  I972|.  Such  an  origin  is  also  consis- 
tent with  the  presence  of  volcano  clastic  sediments  and  tults 
typical  of  marginal  basin  deposits  [Ingle  el  al  . I97.(]  im- 
mediately above  some  ophiolite  evtrusives.  Still  lelt  unex- 
plained. however,  is  the  anomalously  thin  crust  ol  the 
ophiolites. 

Recent  discussions  of  the  composition  ol  the  oceanic  crust 
have  usually  been  based  on  the  assumption  that  crust  in  the 
main  ocean  basins  is  generated  almost  entirely  along  a lairly 
narrow  /one  parallel  to  the  ridge  crests.  Recently,  ean  .Andel  et 
al.  [I969|  have  proposed  a model  by  which  significant  amounts 
of  oceanic  crust  might  be  formed  within  fracture  /ones.  I his 
model,  as  developed  for  the  Verna  fracture  /one.  is  illustrated 
in  figure  20.  The  initial  stage  of  the  opening  of  a Iracture  /one 
requires  reorientation  of  plate  movements;  for  the  \ema  Irae- 
ture  /one  this  change  is  from  L10“S  to  f.-W . following  this 
reorientation,  progressive  spreading  produces  an  opening  rill 
along  the  old  fracture  /one  that  acts  as  a site  for  the  emplace- 
ment of  new  crust. 

Thompson  and  .Melson  [1971]  noted  several  additional  frac- 
ture /ones  in  the  .Mlanlic  in  which  crust  might  be  forming  by 
this  same  mechanism.  They  further  attach  significance  to  the 
alkaline  character  of  many  rocks  emplaced  w ithin  these  laulls. 
suggesting  that  oceanic  crust  formed  along  leaky  Iranslorm 
faults  may  be  dilTerent  from  that  formed  at  ridge  crests.  In 
regard  to  the  ophiolites.  it  may  also  be  signifieant  that  the  crust 
in  fracture  /ones  is  commonly  thin  and  that  sheeted  dikes 
formed  m such  an  environment  would  he  perpendicular  to  the 
regional  trend  of  the  ridge 

Since  young  crust  al  ridge  crests  is  commonly  thin  but 
thickens  with  age  to  40  m.y.  (figure  4).  it  follows  that  the 
ophiolites  may  be  segments  of  immalure  oceanic  crust, 
emplaced  on  land  before  reaching  normal  oceanic  crustal 
thickness  This  hypothesis  can  easily  be  tested  by  determining 
liable  10)  the  dilference  between  the  time  of  (drmalion  and 
the  lime  of  emplacement  for  each  ophiolite  (i.e..  the  age  al  the 
lime  ol  emplacement).  As  can  be  seen,  the  ophiolites  were  in- 
variably young  when  they  were  emplaced. 

I he  voulh  of  the  ophiolites  imposes  a considerable  restraint 
on  possible  mechanisms  of  emplacement  It  is  proposed  that 
the  most  likely  mechanism  consistent  with  this  phenomenon  is 
the  one  shown  in  figure  21  During  the  closure  ol  any  oce.in 
basin  through  subduction  of  one  or  both  ol  its  limbs  the  ridge 
crest  Itself  must  at  some  point  be  subducted.  This  point  is 
unique  in  that  for  the  first  and  only  time  a thin  hot  mechanical- 
ly weak  segment  of  oceanic  crust  and  upper  mantle,  laced  with 
magma  chambers,  is  presented  to  the  subduction  mechanism 
I hat  subduction  of  (he  ridge  crest  occurs  without  incident  is 
unlikely  It  is  anticipated,  rather,  that  the  ridge  crest  will  be 
dismembered  by  faulting,  major  segments,  particularly  Irom 
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the  upper  levels  of  the  outboard  plate,  being  obdueted  onto  the 
continental  margin  while  the  inboard  plate  is  depressed  under 
the  approaching  continental  plate  and  subducted.  Besides  be- 
ing voung  and  thin,  ophiolitcs  formed  in  such  a manner  would 
also  be  expected  to  (1)  have  a minimal  cover  of  sediments  ol 
pelagic  origin,  the  overlying  sediments  being  composed  instead 


I sS.t)  km  s)  parallel  to  the  ridge  crest  Laver  .f  thickens 
rapidly  away  from  the  ridge  crest,  reaching  a full  thickness  ol 
approximately  5 km  at  40  m.y . Unexpectedly,  layer  .f  velocities 
change  slowly  with  age.  Velocities  of  h.H  km  s.  characteristic 
of  layer  } at  the  ridge  crest,  are  virtually  absent  in  crust  over  KU 
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m.>.  old.  being  replaeed  b>  a bimodal  distribution  ol  selocities 
with  peaks  at  6.5  and  7.0  km  s.  .Mso  unevpeetedl) , laser  .1  is 
st.itisticalls  anisotropic,  being  slightly  Taster  parallel  to  the 
ridge  crest  than  it  is  perpendicular  to  the  ridge  crest. 

DitTerences  in  seismic  structure  associated  with  tectonic 
province  are  dillicult  to  delineate  at  this  time  owing  to  poor 
statistics.  Nonetheless,  a number  oT gross  Teatures  can  be  out- 
lined. (I)  The  crust  oT  fracture  /ones  appears  to  be  coincn- 
tionallv  three  layered  but  thin;  layer  2 velocities  are  invariably 
low,  presumably  ow  ing  to  breccia!  ion.  (2)  The  crust  of  oil  ridge 
rises,  hack  arc  rises,  and  linear  island  chains  is  anomalously 
thick;  in  the  first  two  instances  this  excess  is  distributed  within 
a conventional  three-layer  structure;  in  the  third,  layer  2 is 
multilayered  and  two  to  three  times  normal  thickness,  whereas 
layer  .1  is  normal  in  thickness  but  depressed  in  velocity.  I he 
crust  of  trenches,  troughs,  and  back  arc  basins  is  distinguished 
only  by  exceptionally  thick  sediments. 

f inally,  the  oceanic  crust  may  be  div  ided  locally,  though  not 
invariably,  into  at  least  two  structural  types  based  vin  layer  f 
subdivisions  detected  through  sonobuoy  studies:  type  1.  in 
which  layer  .1  consists  of  a thin  6.4-km  s upper  level  underlain 
by  a thick  7.1-km  s level,  and  type  2.  in  which  layer  consists 
of  two  subdivisions  of  equal  thickness,  an  upper  6.8-km  s level 
and  a ‘basal  layer'  of  7.5  km  s. 

The  velocity  structure  of  the  oceanic  crust  must  ultimately 
be  explained  in  terms  of  lithologies  dredged  from  the  ocean 
floor.  Within  these  lithologies  (Table  II)  are  metamorphic 
rocks  of  low  to  intermediate  grade  and  igneous  rocks  that 
show  evidence  of  crystal  fractionation.  In  all  cases  the  rocks 
are  predominantly  malic. 

l.aboratory  velocity  measurements  conducted  on  dredge 
samples  representing  these  lithologies  show,  under  conditions 
of  confining  pressure  and  water  saturation  appropriate  to  the 
oceanic  crust,  the  distinctive  velocity  patterns  summari/cd  in 
Table  12.  from  this  table  it  is  apparent  that  layer  2 is  com- 


posed of  basalt  and  probably  chlorite-rich  metabasite  ol  either 
basaltic  or  gabbroic  origin.  Of  the  three  petrologic  models 
currently  proposed  in  the  literature  for  layer  .1  (namely,  that 
layer  ,7  is  composed  of  either  partially  serpentmi/ed  ul- 
tramalics,  gabbro.  or  metabasite).  two  may  be  dismissed  upon 
consideration  of  laboratory  and  refraction  velocity 
measurements.  C'ompressional  and  shear  wave  velocities  in 
partially  serpentini/ed  ultramafics  are.  for  the  most  part,  much 
lower  than  velocities  observed  for  layer  .T  those  samples  with 
comparable  compressional  wave  velocities  are  still  incompati- 
ble in  f . and  rt.  Shear  wave  velocities  in  normal  gabbro  (.V8 
km  s)  are  similar  to  those  of  layer  (==.T75  km  s).  hut 
measured  compressional  wave  velocities  Irom  un- 
metamorphosed  samples  (7.0  km  s)  are  too  high.  Of  the  com- 
mon oceanic  lithologies,  only  hornblende-rich  metahasites 
seem  to  have  values  of  f,,  and  f'.  that  are  both  consistent  with 
those  of  layer  .7.  A model  of  layer  .7  composition  based  on  this 
lithology  alone,  however,  is  incomplete  in  view  of  the  presence 
of  unmetamorphosed  gabbros  among  the  recovered  lithologies 
listed  in  Table  II.  It  is  thus  proposed  that  hornblende 
metagabbros  predominate  in  the  upper  levels  of  layer  ^ 
sampled  by  refraction  but  that  unmetamorphosed  gabbros 
predominate  at  deeper  levels. 

This  relationship  is  implied  in  Table  II.  which  is  itsell  a 
petrologic  model  of  the  oceanic  crust  constructed  simply  by 
listing  observed  dredged  lithologies  according  to  the  following 
premises.  ( I ) fixtrusives  (and  sediments)  overlie  intrusives.  (2) 
Metamorphic  grade  increases  with  depth.  (.7)  In  high- 
temperature  facies  exhibiting  dilferentiation  and  cumulate  tex- 
tures the  lithologic  order  is  determined  by  the  crystallization 
order.  This  model  incorporates  dredged  lithologies  into  an  in- 
ternally consistent  petrologic  framework  that  is.  at  the  same 
time,  consistent  with  observed  refraction  and  laboratory 
measurements  of  seismic  velocity.  By  leaving  this  model  un- 
sealed. the  wide  range  in  seismic  structure  observed  in  the 
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Nepheline  gabbrc' 

[’rimary  hornl'lende  >:ahbro 
'■.abbro 

Two-pyroxene  ^alibro 
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•Vnorthosi  tic  gabbro 
.Anorthosite 
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oceanic  crust  can  be  attributed  to  kariation  in  thickness  at  an>  wherever  low-velocitv  late  dilferentiates  underlie  amphibole- 

level,  together  with  vertical  displacements  ol  meiamorphic  rich  metabasites  and  in  layer  2 wherever  chlorite-rich 

facies  boundaries.  It  is  interesting  to  note  that  a strong  but  dis-  metabasalts  are  overlain  by  fresh  unpillowed  basalts, 

continuous  velocity  inversion  can  be  predicted  m layer  .Mthough  this  model  is  consistent  with  structural  and 
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f ig.  22.  (icophysical  rclalions  at  the  ndge  as  a (unction  ol  sea  floor  age.  I he  heat  How  curve  in  (a)  represents  the  75'  t 
line  of  Lee  and  L'yeda  ( 1 965 1 for  the  Atlantic.  F ault  mechanisms  In  (6)  are  from  Sykes  and  Shar  1 1973];  the  /one  of  high 
seismicity  associated  with  the  median  valley  is  indicated  by  shading.  The  Bouguer  anomaly  (e)  and  its  interpretation (/)  arc 
from  TalKoni  et  al  |1965)  for  the  mid-Atlantic  ridge 
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petrologic  relations  in  the  ophiolites,  such  support  must  be 
embraced  with  caution  There  remains  little  doubt  that  the 
ophiolites  derive  from  the  oceanic  crust;  nonetheless,  con- 
siderable uncerlamlv  remains  concerning  the  provenance  ol 
the  ophiolites  within  the  ocean  basins  themselves.  The 
presence  of  andesitic  basalts  and  continental  elastics  m the  up- 
per levels  of  a number  of  the  ophiolites  suggests  a back-arc 
basin  origin.  .Mternativelv.  formation  in  leaks  translorm  lault 
/ones  might  enplain  the  presence  in  manv  of  the  ophiolites  ol 
an  anomalouslv  thin  laser  3 and  of  sheeted  dikes  perpen- 
dicular to  the  trend  of  the  ridge  crests  at  which  ihev  arc- 
thought  to  have  been  formed.  The  least  restricted,  and  to  us 
the  most  attractive,  provenance  suggested  is  that  the  ophiolites 
are  segments  of  immature  ridge  crest  obducted  onto  the  con- 
tinental margin  during  closure  of  an  ocean  basin  Such  an 
origin  is  consistent  with  the  observed  >outh  of  the  ophiolites  at 
the  time  of  emplacement,  the  observation  that  mans  have 
metamorphic  aureoles  at  their  base,  and,  again,  that  most 
are  anomalouslv  thin.  W hatever  their  exact  provenance,  the 
ophiolites  are  not  segments  of  normal  oceanic  crust.  I he 
best  that  can  reasonablv  be  expected  is  that  thev  are  geneticallv 
related  and  petrologically  analogous. 

In  order  to  consider  the  mode  of  origin  of  the  oceanic  crust. 
It  is  necessary  to  examine  its  petrologic  structure  in  light  ol 
geophysical  relations  observed  at  the  mid-ocean  ridged  igure 
22).  Several  authors  [Cann.  1970;  Oreenhaum.  I972J  have 
suggested  that  the  oceanic  crust  is  formed  and  essentially  com- 
pleted in  a narrow  complex  of  magma  chambers,  dike  swarms, 
and  extrusives  immediately  underlying  the  median  valley  and 
its  associated  /one  of  high  heat  flow  (Kigure  22a  [Lee  and 
Lyeda.  I965J).  .Although  crust  undoubtedly  forms  under  the 
median  valley,  many  geophysical  phenomena  associated  with 
the  ridge  crest  persi.st  far  beyond.  ID  Most  seismicity  in  the 


vicinity  of  the  median  valley  occurs  as  normal  laulling  \haiks 
ei  al . I968|.  but  the  seismicity  of  this  mechanism  actually  con- 
tinues to  approximately  l^  my.,  beyond  which  thrust 
mechanisms  predominate  (I  igure  22h  [.Vi  Aev  and  Shar.  I97.t|) 
(2)  Anomalous  mantle  velocities  are  common  to  15  m.y 
((■Igure  22i ).  (.5)  Layer  .t  continues  to  increase  in  thickness  and 
volunte  for  40  m.y.  (f  igure  22d)  (4)  A strong  Bouguer  gravity 
anomaly  associated  with  the  presence  of  the  anomalous  mantle 
(masked  below  the  normal  mantle  beyond  15  m.y  .)  persists  to 
70  m.y.  (1  igures  22e  and  22/  \TaUani  ei  al..  1965]). 

1 rom  these  observations  it  is  clear  that  the  lormation  ol 
oceanic  crust  is  not  confined  to  a narrow  vertical  /one  underly- 
ing the  ridge  median  valley.  We  propose  instead  that  layer  2 
and  the  upper  levels  of  layer  form  largely  under  the  median 
valley  and  that  the  lower  levels  of  layer  3 thicken  under  the 
ridge  flanks  by  olTridge  intrusion  fed  from  the  thinning 
anomalous  mantle  in  the  manner  illustrated  in  1 igure  23. 

Immediately  under  the  median  valley,  in  a bell  coincident 
with  high  seismicity  and  high  heat  flow,  the  anomalous  mantle 
rises  to  shallow  levels  at  many  sites,  and  a liquid  tholeiilic  Irac- 
iion  continues  to  the  surface  via  a swarm  of  continuously 
spreading  tensional  dikes  to  form  basaltic  extrusives.  In 
primitive  stages  of  crustal  development,  basaltic  extrusives 
may  directly  overlie  mantle  material;  in  most  instances,  small 
turbulent  magma  chambers,  repeatedly  invaded  from  below, 
serve  as  staging  areas  between  the  mantle  and  overlying  dike 
swarms  to  the  surface.  Seawater,  superheated  against  dike 
rocks  after  invasion  from  above  through  tension  cracks,  causes 
retrograde  hydrothermal  melamorphism  at  higher  levels 

As  this  crust  moves  away  from  the  median  valley  by  sea 
floor  spreading,  continued  but  now  intermittent  intrusion  ol 
magma  from  the  underlying  anomalous  mantle  into  the  lower 
levels  of  layer  3 causes  this  layer  to  increase  rapidly  in 


Fig,  23.  Generation  and  evolution  of  the  oceanic  crust.  The  upper  levels  ol  the  crusl  are  lornied  largely  under  the  me- 
dian valley,  but  layer  3 continues  to  thicken  for  nearly  40  m.y.  by  intermittent  olTridge  intrusion  trom  the  anomalous 
mantle. 


1 


I 


I 


i 


CMRISTeSStN  ANIJ  Saiisbirv  Tilt  Lo»>r  0<IAM(  C'hisi 


83 


ihii-kness.  At  (irsl,  cooling  is  retarded,  and  a dense  patchwork 
of  cumulate  magma  chambers,  mans  floored  b>  the 
anomalous  mantle,  is  maintained.  Injection  occurs  priniaril) 
at  magmatic  levels,  and  cvclic  la>ermg  in  cr>stalli/mg 
cumulate  phases  results.  Man>  chambers  connect  to  surlace 
volcanic  edilices  through  late-stage  dikes  or  pipes. 

B>  l.>m.>.  the  crust  IS  floored,  at  shallow  levels.  b_\  a normal 
mantle  composed  of  cumulate  ultramalics  and  cooled 
anomalous  mantle.  .Although  a change  in  fault  plane  solutions 
at  this  time  suggests  that  the  base  of  the  crust  is  now  locallj 
coupled  to  mantle  convection,  gravitv  anomalies  indicate  that 
numerous  patches  of  anomalous  mantle  still  persist  at  shallow 
levels  in  the  mantle. 

OITridge  intrusion,  cutting  now  through  the  M discontinuity 
into  the  lower  levels  of  layer  3.  continues  to  thicken  layer  3 at  a 
decelerating  pace  to  40  m.y..  accompanied  by  minor  oll'ridge 
volcanism  and  continuous  crystallisation  in  the  remaining 
magma  chambers,  to  form  massive  and  cumulate  gabbros  and. 
finally,  late  dilferentiates.  As  the  crust  continues  to  cool,  the 
final  stages  of  intrusion  will  be  small  cross-cutting  dikes  and 
apophyses,  many  with  chilled  margins,  introduced  at  any  level. 

Beyond  40  m.y.  the  lowering  of  isotherms  by  continued 
cooling  will  introduce  retrograde  metamorphism  to  deeper 
levels.  The  upper  levels  of  layer  3.  becoming  chlorite  rich,  will 
lower  in  velocity  from  6.8  to  approximately  6.5  km  s.  as  is 
shown  in  Figure  3;  deeper  levels  in  the  gabbro  will  convert  to 
amphibolite  along  avenues  of  water  penetration.  Should  water 
eventually  penetrate  to  the  upper  mantle,  partial  serpentini/a- 
tion  would  seem  inevitable.  It  should  be  noted  in  this  regard 
that  the  high-velocity  basal  layer  of  Sullon  el  at.  [1971)  has 
been  detected  to  date  only  in  old  crust  or  in  the  v icinity  of  frac- 
ture /ones. 

In  the  model  presented  above,  we  have  attempted  to  explain 
geophysical  observations  of  the  oceanic  crust  in  terms  of  a 
petrologic  model  consistent  with  information  on  rocks  ob- 
tained from  dredging.  The  crustal  model  adopted  was  founded 
in  its  general  form  by  simple  consideration  of  the  rocks 
reported  frvrm  oceanic  regions,  but  to  obtain  information  on 
the  relative  abundances  of  these  rocks  at  various  levels  within 
the  crust,  it  was  necessary  to  review  experimental  work  hearing 
on  the  velocities  of  compressional  and  shear  waves  in  oceanic 
rocks  and  to  compare  these  velocities  with  oceanic  seismic 
structure.  W ithin  the  framework  of  the  model  thus  obtained, 
ophiolites  represent  immature  ridge  crest  that  has  been  ob- 
ducted  at  an  early  stage  of  crustal  evolution  onto  continental 
margins,  their  variability  reflecting  the  complex,  almost 
chaotic,  tectonic  and  intrusive  relations  at  centers  of 
spreading.  Thus  old  crustal  segments  will  rarely  be  observed 
on  land:  their  detailed  study  must  await  the  results  of  deep- 
ocean  drilling. 
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27.  tLASTK  WAVE  VELOCITIES  IN  VOLC  ANIC  AND 
PLI  TONIC'  ROC  KS  REC  OVERED  ON  DSDP  LEG  31 

N.l.  Christensen,  R.L,  Carlson,  M.H.  Salisbury,  and  D.M.  Fountain, 
Department  of  Geological  Sciences,  University  of  Washtngton,  Seattle,  Washington 


INTRODUCTION 

In  this  paper  information  is  presented  on  com- 
pressional  and  shear  wave  velocities,  bulk  densities,  and 
elastic  constants  for  several  samples  of  basement  rock 
obtained  from  Sites  292,  293,  294,  and  296.  The 
velocities  have  been  measured  to  4.0  or  6.0  kb  using  a 
pulse  transmission  technique  similar  to  that  described 
by  Birch  (I960), 

The  rocks  studied  from  Site  292  are  fine-grained 
basalts  with  intersertal  to  subophitic  textures;  all 
samples  are  vesicular  and  slightly  altered.  The  rocks 
from  Site  293  are  of  particular  significance  in  that  they 
may  represent  samples  from  the  lower  oceanic  crust. 
Compressional  wave  velocities  were  measured  in 
metadiabase  containing  abundant  actinolite  after  clino- 
pyroxene  (31-293-18-1,  90-93  cm);  granulated- 
chloritized  gabbro  (31-293-19-1,  108-111  cm); 
hornblende  metagabbro  of  amphibolite  facies  grade 
(293-20-1,  100-103  cm);  and  gabbro  tending  towards 


anorthositic  gabbro,  often  with  cumulate  textures  and 
strong  preferred  orientation  of  plagioclase  (31-293-20-1, 
1 36- 1 39  cm;  3 1 -293-2 1 - 1 , 5-8  cm;  3 1 -293-2 1 - 1 , 32-35  cm; 
and  31-293-21-2,  1 1-14  cm).  The  sample  from  Site  294  is 
a fine-grained,  altered  basalt  with  an  intersertal  texture, 
whereas  the  sample  from  Site  296  is  a lapilli  tuff. 

DATA 

The  velocities  and  bulk  densities  of  the  samples  are 
given  in  Table  I.  The  samples  were  stored  in  water  im- 
mediately after  their  recovery.  Since  it  has  been  shown 
that  at  pressures  below  a few  kilobars,  water  saturation 
significantly  increases  compressional  wave  velocities 
(e.g.,  Wyllie  et  al.,  1958;  Nur  and  Simmons,  1969; 
Christensen,  1970),  the  velocities  were  measured  under 
saturated  conditions.  Pore  pressures  were  maintained  at 
values  lower  than  external  pressures  by  placing  100- 
mesh  screen  between  the  samples  and  copper  jackets. 

Ratios  of  compressional  to  shear  velocities (lj,/U(). 
Poisson's  ratios  (a),  seismic  parameters  (0),  bulk  moduli 


TABLE  I 

Compre.ssional  (P)  and  Shear  (S)  Wave  Velocities 


Sample 

(Inierval  in  cm) 

Bulk 

[)ensity 

Mode 

Velocity  (km/scc)  at  V'arying  Pressures 

0.2  kb 

0.4  kb 

0.6  kb 

0.8  kb 

1.0  kb 

2.0  kb 

4.0  kb 

6.0  kb 

29241-2.  3740 

2.567 

P 

4.63 

4.71 

4.78 

4.84 

4.89 

5.06 

5.28 

2.567 

S 

2.41 

2.45 

2.48 

2.50 

2.53 

2.62 

2.69 

- 

29241-5.  4043 

2.61 1 

P 

4.88 

4.93 

4.97 

5.01 

5.04 

5.21 

5.39 

— 

2.61 1 

S 

2.48 

2.52 

2.56 

2,59 

2.62 

2.71 

2.80 

- 

29242-5.  29-32 

2.607 

P 

5.04 

5.09 

5.13 

5,16 

5.19 

5.29 

5.41 

_ 

2.607 

.s 

2.64 

2.66 

2.68 

2.70 

2.72 

2.77 

2.83 

- 

292434,  4043 

2.675 

p 

4,98 

5.04 

5.09 

5.13 

5.16 

5.26 

5.36 

_ 

2.675 

.5 

2.66 

2.69 

2.71 

2.73 

2.74 

2.79 

2.84 

- 

292444,48-51 

2.688 

P 

5.09 

5.16 

5.21 

5.24 

5.27 

5.34 

5.45 

_ 

2.688 

S 

2.73 

2.75 

2.77 

2.78 

2.79 

2.84 

2.89 

- 

29246,  C C 

2.792 

P 

5.33 

5.39 

5.43 

5.47 

5.50 

5.61 

5.73 

293-18-1,90-93 

2.828 

P 

6.21 

6,23 

6.25 

6.26 

6.27 

6.33 

6.44 

6.53 

293-19-1,  108-1 1 1 

2.848 

P 

6.51 

6.53 

6.55 

6.57 

6.58 

6.63 

6.70 

6.74 

293-20-1,  100-103 

2.853 

P 

6.49 

6.56 

6.62 

6.67 

6.71 

6.80 

6.86 

- 

293-20-1,  136-139 

2.832 

P 

6.80 

6.85 

6.89 

6.93 

6.95 

7.02 

7.10 

7.16 

293-21-1,  5-8 

2.939 

P 

6.80 

6.83 

6.85 

6.87 

6.88 

6.95 

7.05 

7.10 

293-21-1.  32-35 

2.938 

P 

6.77 

6.82 

6,85 

6.88 

6.91 

7.00 

7.07 

- 

29,3-21-2.  1 1-14 

2.933 

P 

6.99 

7.01 

7.03 

7.05 

7.06 

7.1  1 

7.17 

7.23 

294-7-1,  1 16-119 

2.462 

P 

4.63 

4.69 

4.73 

4.75 

4.78 

4.88 

5.04 

5.14 

2.462 

.s 

2.30 

2.35 

2.38 

2.42 

2,45 

2.55 

2.66 

- 

296-56-6,  10-13 

1.985 

p 

3.93 

3.95 

3.96 

3.97 

3.98 

4.00 

4.02 

- 
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(A(  fompre.s.sibilitie.s  (yj),  shear  moduli  (/i).  Young's 
modu'i  (A),  and  l.ame’s  constant  (A)  calculated  from 
densities  and  velocities  are  given  tor  selected  pressures  in 
t able  2.  Shear  velocities  and  elastic  constants  are  not 
reported  lor  the  samples  from  Site  293  because  of 
probable  anisotropy  of  these  rocks  resulting  from  strong 
preferred  mineral  orientation. 

VKLOC  i n -DKNSn  V RELATIONS 

In  a previous  report,  Christensen  et  al.  (1974) 
suggested  that  velocity-density  relations  for  DSDP 
basalts  might  be  more  appropriately  described  by  a non- 
linear curve  than  by  the  linear  solutions  commonly  used. 
Figure  I shows  a plot  of  velocity  versus  density  for 
water-saturated  DSDP  basalts  at  0.5  kb  from  this  study, 
and  from  previous  work  (Christensen  and  Salisbury, 
1972,  1973;  Christensen  et  al.,  1974).  The  data  have  been 
lit  with  both  linear  and  nonlinear  solutions  with 
equations: 

= 3.56p  - 4.26  km/sec 
and 

Vp  = 0.08p^  •«  -I-  2.33  km/sec 

The  coarse-grained,  high-velocity  samples  recovered 
from  Site  293  fall  predictably  above  the  basalt  data  dis- 
tribution and  have  not  been  included  in  these  solutions. 
The  basalt  from  Site  294  is  unusually  rich  in  calcite 
which  accounts  for  its  anomalously  high  velocity  with 
respect  to  either  solution. 

DISCUSSION 

E.xamination  of  Table  I suggests  that  at  pressures  ap- 
propriate to  the  .sea  floor  (0.4-0  6 kb),  velocities  increase 
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Figure  I . Compressional  wave  veloein'  veniis  hulk  Jcnsiiy 
for  DSDP  basalts  and  samples  from  Leg  M at  O.S  kh. 
Included  are  least  squares,  linear,  and  nonlinear  solutions 
to  the  data. 


with  basement  recovery  depth  at  both  Sites  292  (Figure 
2)  and  293.  At  Site  292,  observed  velocity  gradients 
(Table  3)  are  clearly  related  to  increasing  density  accom- 
panying a decrease  in  both  vesicularity  and  weathering 
with  depth.  At  Site  293,  velocity  differences  are 
associated  with  a change  in  lithology  from  metadiabase 
through  hornblende  metagabbro  to  anorthositic  gabbro. 
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TABLi;  2 
Elastic  Constants 


Sample 

(Interval  in  cm) 

Pressure 

(kb) 

r - L 

P s 

0 

(km/sec) 

A 

(mb) 

(mb  ) 

P 

(mb) 

I 

(mb) 

X 

(mbi 

31-292-41-2, 

0.4 

1.92 

0.32 

14.16 

0.36 

2.75 

0. 1 5 

0.40 

0.26 

37-4(1 

1.0 

1.94 

0.32 

15.38 

0.40 

2.53 

0.16 

0.4  3 

0.29 

2.0 

1.94 

0.32 

16.46 

0.42 

2.36 

O.IS 

(t.46 

0.31 

4.0 

1.96 

0.32 

18.14 

0.47 

2.13 

0.19 

0.49 

0 35 

31-292A1-5. 

0.4 

1.96 

0.32 

15.80 

0.41 

2.42 

0.17 

0.44 

0.30 

4(1-43 

1.0 

1.93 

0.32 

16.24 

0.4  3 

2.35 

0.18 

0,47 

0.31 

2.0 

1.92 

0.31 

17.24 

0.45 

2.21 

0.19 

0.5(» 

0.32 

4.0 

1.93 

0.32 

18.53 

0.49 

2.05 

0.21 

(t.54 

0.35 

31-29242-5. 

0.4 

1.91 

0.31 

16.46 

0.43 

2.33 

0.18 

0.4K 

0,31 

29-32 

1.0 

1.91 

0.31 

17.00 

0.44 

2.25 

0.19 

0.51 

0.32 

2.0 

1.91 

0.31 

17.67 

0.46 

2.16 

(».2() 

0.53 

0.33 

6.0 

1.91 

0.31 

18..54 

0.49 

2.05 

0.21 

0.55 

0.35 

31-292434. 

0.4 

1.87 

0.30 

15.74 

0.42 

2.37 

0.19 

0.50 

0 29 

4(143 

1.0 

1.88 

0.30 

16.62 

0.45 

2.24 

0.20 

0.52 

0.31 

2.0 

1.89 

0.30 

17.25 

0.46 

2.16 

0.21 

0.54 

0.32 

4.0 

1.89 

0.30 

17.83 

0.48 

2.08 

0,2. 

0.56 

0.34 

31-292444. 

0.4 

1.88 

0.30 

16.54 

0.44 

2.25 

0.20 

0.53 

0.31 

48-51 

1.0 

1.88 

0.30 

17. .30 

0.47 

2,15 

0.21 

0.55 

0.33 

2.0 

1.88 

0.30 

17.74 

0.48 

2.09 

0.22 

0.57 

0.33 

4.0 

I.8S 

0.30 

18.44 

0.50 

2.00 

0.23 

0.59 

0.35 

31 ■294-7-1, 

((.4 

1.99 

0.33 

14.62 

0.36 

2.77 

0.14 

0.36 

0.27 

1 lh-1 19 

1 (1 

1.95 

0.32 

14.82 

0.37 

2.73 

0.15 

0.39 

0.27 

2.0 

1 91 

0,31 

15.09 

0.37 

2,68 

0.16 

0.42 

0.27 

40 

I.H9 

0.31 

15.86 

0.39 

2.53 

0.17 

0.46 

0.28 
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Figure  1.  Measured  velocity  versus  hasemenr  penetration  at 
Site 


TABLE  3 

Compressional  and  Shear 
Wave  Velocity  Gradients 


Diya: 

at ’/a-- 

(km/scc) 

(km/sec) 

m 

m 

.Site  292  0.012 

0.009 

Straightforward  comparisons  of  seismic  refraction 
data  for  the  Philippine  Sea  (Murauchi  et  al.,  1968)  with 
velocity  data  presented  here  are  difficult  because  of  both 
poor  overlap  of  refraction  lines  with  DSDP  sites  and  the 
structural  complexities  seemingly  inherent  to  marginal 
basins  (Karig,  1971).  Site  292,  for  instance,  lies  on  the 
fiank  of  the  Benham  Rise,  whereas  Sites  293  and  296 
mark  the  extensions  of  the  Central  Basin  Fault  and  the 
Palau-Kyushu  Ridge,  respectively.  General  seismic 
properties  of  the  main  basin  of  the  Philippine  Sea, 
however,  are  correlative  with  the  seismic  properties  of 
crystalline  rocks  recovered  on  Leg  31.  The  mean  Layer  2 
velocity  reported  for  the  abyssal  plains  of  the  Philippine 
Sea  (Murauchi  et  al.,  1968)  is  4.86  km/sec  with  a stan- 
dard deviation  ofO.I8  km/sec,  a range  which  clearly  em- 
braces most  of  the  velocities  at  0.4-0.6  kb  of  volcanic 
rocks  recovered  from  Sites  292  and  294  (Table  I).  This 
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general  agreement  suggests  that  basalts  similar  to  those 
measured  in  this  study  constitute  a large  portion  of  the 
crustal  basement  ol  the  basins  of  the  Philippine  Sea. 
Layer  3 of  the  abyssal  plains  in  this  region  has  a mean  Ir'p 
of  6.76  km/sec  with  a standard  deviation  of  0.14 
km/sec.  Velocities  (at  I kb)  determined  for  the  plutonic 
rocks  recovered  from  Site  293  (Table  1),  the  highest  yet 
reported  for  DSDP  samples,  fall  within  the  range  of 
layer  3 velocities  implying  that  these  rocks  may  be  im- 
portant petrologic  elements  of  Layer  3 in  the  Philippine 
Sea.  It  is  suggested  that  tectonic  activity  of  the  Central 
Basin  Fault  may  have  introduced  these  rocks  to  the 
ocean  Door  from  the  deeper  levels  of  the  crust  in  this 
region.  Alternatively,  these  rocks  may  have  formed  in 
situ  as  new  ocean  crust  within  a leaky  transform  fault  by 
mechanisms  outlined  b>  van  Andel  et  al.  ( 1469).  It  is  in- 
teresting to  note  that  the  sample'  exammed  are  similar 
to  those  commonly  observed  in  both  uredge  hauls  in 
main  basin  fracture  /ones  and  in  ophiolite  complexes. 
Verification  of  these  implications,  however,  depends  on 
future  determinations  of  the  shear  wave  velocities  of 
these  rocks  and  the  shear  wave  velocity  structure  in  the 
neighborhood  of  the  Central  Basin  Fault. 
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ABSI KAC  1 

Rotks  lit  ihi-  gr.imiliii-  I.krs  li.nc  I't-i-ii 
priipi)M.’i.l  .IS  m.i|i)r  nmstitin.-iits  i)l  tlu-  lowtT 
coiuinciit.il  i.riist.  I o c\  .ilii.uc  this  possihih- 
t>.  aimprcssiDM.il  .inJ  shc.ir  mKisiius 

h. iM'  hi-i-n  sli'tcrmmcsl  to  pressures  ol  1(1  kh 
tor  Id  I’r.iniilite  s.iniples,  thus  en.ihlinn 
eomp.insons  ot  seismie  si.tt.i  tor  the  lower 
crust  with  the  velocities  .tiid  el.tstic  proper- 
ties ot  ftr.iiiulite  rocks.  I he  s.iiiiples  selected 
tor  this  studv  r.iiiije  in  coinposition  troiu 
gr.initic  to  h.is.titic.  with  hulk  densities  ot 
2.(iS  to  Vdd  gcni'.  .At  fi  kh.  cotnpression.il 
(V^;  .tnd  she.ir  \d  w.ne  velocities  r.inge 
from  fi.  vd  to  ~.4d  km  sec  .iiui  trom  v.  to 
4.2'  km  sec.  respectively.  A'elocities  in 
gr.tnulite  rocks  .tre  show  n to  v .iry  sv  stem.it- 
ic.ilK  with  v.iri.ttioiis  111  miner.ilogic.il  con- 
stitution. Both  I,,  .ind  t . incre.ise  with  in- 
crcMsing  pyroxene,  .imphihole.  .tnd  g.irnet. 
Velocities  incre.ise  with  .in  incre.ising  r.itio 
of  pyroxene  to  .imphihole  in  hornhleiide- 
gr.inulite  suhf.icies  rocks  ot  .ipproxim.itelv 
ec]uiv.ilent  cheniic.il  compositions.  IVcre.is- 
ing  qti.irt/  content  in  gr.ituihte  rocks  pro- 
duces .111  incre.ise  in  \ ,,  .iiid  .in  .iccomp.iny- 
ing  decre.ise  in  \ „ therehv  signiric.intlv 
ch.inging  I’oissoti's  r.itio.  The  r.inge  ot  vel- 
ocities me.isured  for  the  gr.inulite  s.iniples  is 
simil.ir  to  the  r.inge  of  seismic  velocities  re- 
ported tor  the  lower  contuient.il  crust;  thus, 
the  hypothesis  th.it  gr.ttnilite  rocks  .ire 
in.i|or  lower  crust.il  constituents  is  further 
strengthened,  hiirthermore,  it  is  shown  th.it 
lower  crust.il  coinposition  is  extremely  v.ir- 

i. ihle.  .iiid  therefore  v.ihcl  chscussiotis  ot 
composition  must  he  limited  to  speciric  re- 
gions where  seismic  velocities  ire  well 
known.  Hie  use  ot  seisnnc  velocities  in  es- 
tim.iting  lower  erust.il  composition  is  illus- 
trated for  the  ( .in.idi.in  Shield  in  Ontario 
and  .Manitoh.i.  kev  ii'nrjf:  cnutiil  itrm- 
turf.  ( jiijJijii  S/'.'c/i/. 

IMRODIK  riON 

During  the  past  two  dec.ules.  extensive 
efforts  have  heeti  made  hy  seismologists  to 


decipher  the  structure  and  seismic  velocitv 
disirihution  within  the  continental  crust.  In 
spite  ol  these  ellorts.  little  progress  has  heeii 
made  in  torging  petrologic  interprel.iiions 
ot  crustal  composition  troin  seismic  data. 
I he  delineation  ol  the  crust  ot  the  conti- 
nents  into  a "gninitic"  l.iver  overlving  .i 
"h.is.iltic"  l.iver  hv  |eltrevs  I d2(s  . in  l.ut. 
still  pervades  modern  literature  ot  explo- 
sion seismologv  lor  ex.linple.  Roller  and 
lle.ily,  ld(is;  Hill  and  I’.ikiser.  IdnU;  (Vol.i 
and  .\lever.  |d~2.  Russian  seismologists 
Rosminsk.iy .1  and  Ri/nichenko.  |d(i4  . 
however,  argue  that  the  apparent  seismic 
layering  ot  the  continental  crust  is  due  to 
hori/ont.il  '■niet.iinorphic  trouts."  1 his 
suggestion  IS  verv  appealing,  hec.uise  lower 
crust.il  hvdrost.itic  pressures  ot  h to  Id  kh 
and  temperatures  ol  as  much  as  ~dd  t at 
the  .Mohoroviuc  discontinintv  1 .icheii- 
hruch.  |4~(l  ^,111  comhine  to  provide  an 
appropriate  environment  tor  high-grade 
niel.iinorphism.  .\  str.iighitorvv.ird  applica- 
tion ol  these  pressure-temperature  condi- 
tions to  conventional  niet.imorphic-f.icies 
diagrams  Hiet.ineii.  |d(s~;  luriier.  DRcS 
indicates  that  the  rocks  ol  the  lower  crust 
may  he  in  the  gr.inulite  t.icies. 

Ciraniihte-I.icies  rocks  .ire  .ihund.int 
within  stable  I’rec.inihrian  shield  areas  and. 
to  .1  iiiucli  lesser  extent,  are  cdinponents  ot 
younger  orogeiis  (see  Oliver,  I dtid,  tor  re- 
view;. 1 he  widespread  oceurreiice  ol  gr.inii- 
hte  In  the  shield  areas  is  attrihuted  to  exten- 
sive denudation  coupled  with  tectonic  .ictiv  - 
ity  to  expose  lower  levels  ot  contineni.il 
crust.  On  the  h.isis  of  this  argument,  den 
lex  and  \'ogel  (|4ft2  suggested  that  the 
granulite  terr.ines  of  ( ,iho  tlrteg.il  in  Spain 
represent  unroofed  lovvercontuient.il  crtisi, 
I amhert  (|d~|  ; argued  for  a similar  lower 
crustal  origin  for  the  granulite  terr.ines  ot 
the  Vilgarn  Block  and  the  .Musgr.ive  Range 
of  .Australia.  In  a comprehensive  discussion 
ot  the  setting,  inetamorphie  associations, 
and  general  mineralogy  and  composition  ol 
gr.imilite-tacies  rocks,  den  lex  (Idh.s)  con- 
cluded that  within  the  crust  there  is  a 
gradual  transition  from  rocks  of  a granitic 


senes  iiKliiding  hydrous  nngni.iiiie  and 
high  teinper.ilure  niel.inior|shis  rosks  to 
rosks  ol  the  granulite  l.icies.  die  latter  Being 
the  nia|or  sonsiitueiii  Below  the  C onr.id 
diseontmuity . He  estimated  .1  lower  srust.il 
somposition  ol  sll  perseiii  .uidic  granulite 
and  interinedi.ite  sh.irnockite  and  sil  per- 
seiit  iii.itK  gr.inulite  and  evlogite. 

.Another  ossurreiKe  ol  gr.iniiliie-t.K les 
roeks  Is  as  xeiiohihs  in  ili.iirenies.  which 
have  long  Been  suh|est  to  serutuiv  hes.iuse 
the  ec  logite  and  peridotite  xenoliths  in  them 
are  comnionlv  thoughi  to  he  samples  ot  the 
upper  mantle.  C ir.iimlite-t.Kies  rocks  have 
also  Been  reported  in  di.itremes  in  Sail  |u.in 
louiity.  I tali  .\ls(ietshin  and  Silver. 
Df“2  . norihe.isiern  Ari/on.i  Watson  and 
.Morton.  I'^ts'^  , Riley  (.oiiiity.  Kansas 
Brookins  and  WoosI,  Ivf"!!  , Delegate. 
.Australia  1 overing  and  White,  l^hn  . ,uid 
South  .\tric.i  Wagner.  l'f2.S.  I he  close. is- 
sosi.ition  ot  granulite  xenoliths  with  eclo- 
gite  and  peridotite  leads  one  to  suspect  that 
the  gr.inulite  xenoliths  have  Been  Brought 
up  from  the  lower  crust.  On  the  Basis  of  the 
si/es  ot  xenoliths  from  the  .Moses  Rock 
Pipe.  .McCietchin  and  Silver  Dl'd  con- 
structed .1  crust.il  model  in  which  a ni.iior 
part  ot  the  lower  crust  is  composed  of  ni.iric 
granulite  rocks. 

One  method  ol  oBtainuig  estimates  ot 
crust.il  composition  is  to  compare  seis- 
niologic.il  d.it.i  with  l.iBor.itory  measure- 
ments of  rock  velocities.  Because  gr.inulite- 
l.icies  rocks  iii.iv  well  Be  .iBund.int  in  the 
lower  crust,  it  is  necess.irv  to  deterniuie 
their  velocities  ,ind  elastic  properties.  C hris- 
leiisen  Dfgv)  reported  compression.il  and 
she.ir  vv.ive  velocities  tor  gr.inulite-tacies 
rocks  ,11  hydrostatic  pressures  to  10  kh  ;the 
approximate  pressure  at  the  continental 
crust- mantle  Boundary ; see  also  (lood.icre. 

I o~2.  and  R.ini.inan.intoaiivlro  and 
.M.inghn.mi.  |0"2  . W e report  here  the  nie.i- 
surenient  ofcdinpression.il  and  shear  wave 
velocities  and  the  elastic  consi.iiits  of 
graiuilite-l.icies  rocks  ol  consideraBly  v.irv- 
iiig  chemical  composition  and  mineralogy 
to  hydrostatic  pressures  ot  III  kh.  We  have 
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loiind  ilt.ii  '.cisiiiii  i oil  11. nil's  .iiul  till'  rcl.iii-J 
il.istii  lOiist.iMts  ot  ^r.ituiliti' riiiks  1 .in  sis- 

iiiii.iiii.ilU  uiili  miiii'i'.ilii^;) . I Ik-  il.it.i  .iiv 
lisi'ii  to  I'stim.ili'  Imii-r  iriisi.il  iiiiiiii.il 
loiiipoMiioiis  III  si'li'iini  ri'gioiis  will'll' 
ilit.iiiiil  inisi.il  si'isinii  intorm.itioii  is 
i\  .III  il'li- 

\()  I \ I ION 

\ . olll|'ri'ss|oll.ll  W.IM'  ll'loiltl.  kill  Sl'i  ' 

\ ..  slii'.ir  w.iM'  M'loiin,  kill  si'i  ' 

(I,  I'lilk  ili'iisin . g ii 

T.  I’oissoil's  r.itio 

U.  lOiiipri'ssihilui , ,\lh  ' 

\.  I .mil's'  loiist.im.  Mb 
fx.  slii'.ir  iiioiluliis,  .\lb 
/ . ^ ouiin's  iiniiiiiliis,  Mb 
k.  bulk  nunlulus.  .Mb 
<i.  si'isiiiii  [s.ir.iiiii'ti'r  kill  si'i  ' ■ 

SAMl’I.k  DFSCRIIMIONS 

IVgiiiiiiTig  Ultli  till'  I'.irb  work  ot  I skol.i 
1^20  , iiii't.iniorpliii  roiks  li.ni'  bii'ii  ikis- 
sifii'il  into  i.inotis  t.iiii's  b.isi'il  on  .is- 
si'iiibl.igi's  ot  niitii'r.il  ph.isi's  tli.it  toriii  in 
'..irioiis  ti'iiipi'r.itiiri'-pri'ssiiri'  ri'>;inii's.  I hi- 
gr.iniiliti'  t.iiii's  w.is  oriitiii.ilK  ili'tiiii'il  to  in- 
-Itiili-  ri'gion.illi  iiii't.iniorjiliosi'ii  rocks  in 
wliiili  onii  .iiiln  ilrotis  niiiu'r.tls  .irc  st.iblc 
Iskol.i.  Ml'-).  Liter  il.issitii.itioiis  li.iic 
botli  stibiliMiii'il  the  gr.iniilite-t.iiies  rocks 
into  siibl.icii's  .Hill  esp.iiiileil  upon  the  oriit- 
in.il  iletinition  to  incluile  rinks  tr.iiisition.il 
between  the  .iinphibohte  .mil  gr.inulite 
t.'iies,  .Although  more  coiiipreheiisis  e sub- 
iliMsions  h.iie  heeti  proposeil  tor  the  gr.itiu- 
lite  t.iiii's  tor  ex.iiiiple.  ile  AA  .i.inl.  L-ttss.!. 
Lltssb  . the  twotolil  suhiliMsion  ot  I urner 
.Hill  A'erhoogeti  LIW)  is  p.mieul.irlv  .ip- 
propn.ite  tor  .1  liiscussion  ot  the  el.isticiti  ol 
gr.intilite  rocks  .iiiil  will  he  iiseil  throughout 
this  p.iper.  .'Accoriiing  to  this  cl.issitic.ition. 
gr.Hiulite  t.icies  .ire  siibiliMiieil  into  the 
hortiblenile-gr.itiulite  subt.icies  .mil  the 
pi  rosetii'-gr.Hitilite  suht.icies.  Rocks  troiii 
the  Litter  subt.icies  .ire  tornieil  .it  higher 
teniper.mires  tor  giien  w .tter  pressures  .mil 
Lick  the  hyilrous  niiner.ils  hornbleiiile  .itid 
biotite. 


leii  gr.HUihte  s.miples  tli.it  show  .i  wiile 

r. iiige  111  loinposition  .iml  ileiisin  were 
seleiteil  lor  this  stiuK.  Moil.il  .iii.ilises  ob 
i.iiiieil  hi  point  loumiiig  two  Ol  three  thin 
sections  Iroiii  e.iih  s.miple  .ire  giieii  m 
l.ible  I.  Ill  which  the  s.miples  .ire  .irr.ingeil 
111  order  ot  inire.ismg  deiisiii.  the  more 
gr.miiii  .Hid  sieiiilii  gr.muliie  rocks  being 
iie.ir  the  top  .Hid  the  more  ni.ilic  ,it  the  bot- 
tom. I lie  ol  the  s.tiiiples  cont.im 
hornblende  .md  or  biotite  .tnd  thus  .ire 
cl.issitied  within  the  horiihlende-gr.mulite 
subt.icies. 

S.miple  I IS  repri'seiit.itii  e ot  gr.mulite 
described  in  det.iil  In  Siiiith  I ittii)  .is 
111 perstheni"c|U.iri/-.HidesHie  gneiss  Iroin 
the  soutliern  block  ot  the  New  |ersei  high- 
Linds.  .Although  the  s.miple  selected  tor  our 
stiidi  IS  coniposition.illi  l.iiered.  no  pre- 
terred  niiiier.il  orieiit.ition  is  .ipp.ireiit  either 
111  h.iiid  s.miple  or  in  thin  section. 

S.iinple  2.  trom  lichhorne.  Ont.irio.  is 
gr.ii  gneiss  ot  the  Cireiiiille  proiiiice  .md 
h.is  been  described  m ilet.iil  In  ( iioi  .inell.i 
|4(is  . I he  rock  cont.iiiis  prini.irili 
teldsp.ir  .md  i|u.irt/  .md  evliibits  .i  strong 
line.ition  in  h.md  s.miple.  I he  hne.Hion  is 
due  to  hne.ir  coiicemr.itioiis  ol  piroseiie 
tli.it  Lick  preterred  orient.ition  ( iioi  .inell.i. 
|4(,s-  , 

I he  s.miples  ol  C .ililorni.i  gr.miihte 

s. miples  L ti.  S th.ii  torin  p.irt  ol  the  core 
ot  the  S.int.i  l.uci.i  R.iiige  were  collected 
.llong  the  I’.icitic  co.ist  .ippro.Miii.iteli  2 s 
kill  southe.ist  ot  Point  Stir,  .Although  there 
IS  coiisider.ihle  i.iri.ition  in  composition 
.mioiig  the  three  rocks,  it  is  .ipp.ireiit  Iroiii 
their  ininer.ilogy  ('I.ible  I th.it  thei  were 
tornied  under  conditiotis  ot  hornblende- 
gr.miilite-subt.icies  niet.imorphisni.  1 he 
in.iric  nmier.ils  within  the  s.miples  show  dis- 
tinct prelerred  orient.ition.  even  though 
inmer.il  segreg.ition  is  Licking.  I he  petrog- 
r.ipln  .md  cheiiiistry  ot  these  rocks  h.iie 
been  described  in  det.iil  by  C oinpton 

I '-Rill  . 

I he  s.miples  't  New  A'ork  gr.mulite  col- 
lected ne.ir  S.ir.m.ic  Like  s.miples  4,  s. 
h.iie  been  described  .is  ch.irnockitic  gneiss 
by  huddingtoii  ( I ''ts2)  .iiid  .is  i]u.irt/ sienite 
gneiss  by  D.iiis  (l'')‘'l).  Coniposition.il 


h.mding  .md  prelerred  nimer.il  orieiil.ilion 
.ire  we.ikli  deieloped  in  ihe  speiiiiHiis  we 
studied  trom  this  .ire.i.  S.miple  ~ is  testiir- 
.illi  siinil.ir  to  s.miples  4 .md  v hut  Licks 
ipi.irt/  .md  coiH.iiiis  niore  piroxeiii  l.ihle 
I , 

S.miples  i)  .md  In  .ire  ni.itic  represetil.i- 
liies  ot  the  gr.mulite  l.icies.  S.miple  '■>.  de 
scribed  bi  ILirrus  |i)-(l  , cont.mis  .ibiiii- 
d.iiit  liornhleiide  .md  pi  roM'iie.  pl.icing  it 
ivithm  the  hornhiende-gr.mulile  subt.icies. 
.A  strong  Ime.ition  ol  liornhleiide  is  eiideiit 
111  h.md  s.iiiiple  .md  thin  section.  S.miple  HI. 
described  hi  Schniid  I ‘Ri' . is  trom  thi- 
ll re.i-A'erh.mo  /one  111  the  lt.ih.Ht  .Alps.  I he 
roik  shows  no  ohiious  preterred  inmer.il 
orient.ition  or  coniposition.il  L.iermg. 
Pi  roM'iie  .md  g.irnet  .ire  .ihund.mt.  produc- 
ing the  highest  deiisiti  ot  the  rocks  included 
111  this  stiiiii . 

IXPhRIMF.N  I AL  IK  MNIC.JI  I 
AND  DA  I A 

I hree  iiiutu.illi  perjieiidicul.ir  cores.  2.s4 
citi  111  di.inieter  .md  s m ~ dii  in  length, 
were  cut  trom  e.ich  spec'iiieii.  Hulk  densities 
l.ible  2 were  c.ilcul.ited  using  the  weights 
.md  dinteiisioiis  ot  the  cores.  I he  cores  were 
l.icketed  with  copper  toil,  .md  tr.itlsducers. 
electrodes,  .md  rubber  tubing  were  .isseiii- 
bled  on  e.ich  end  in  .i  ni.mner  siniil.ir  to  the 
procedure  described  hi  Hirch  l^hi). 

A'elocitii's  were  oht.mied  trom  the  tr.iiel 
liiiies  ol  el.istic  w.iies  through  s.miples  ol 
known  length  using  the  pulse  tr.insniission 
techiiiiiiie  Hinh.  |4hil.  H.iriuni  tit.m.ite 
.md  .'AC  -cut  ijti.irt/  tr.insducers  ot  2 .MH/ 
treciueiicii's  were  used  to  gener.ite  .md  re- 
ceiie  conipression.il  .md  she.ir  w.iies.  re- 
spectii ely.  Ihe  pressure-geiier.itmg  system 
consists  ol  .1  two-st.ige  iiitensilier  using  .1 
Ion -viscositi  oil  lor  the  pressure  iliediuiii. 
Pressure  w.is  ine.isured  bi  obserimg  the 
ch.Hige  111  electric.il  resist.mce  ot  .i  c.ih- 
br.ited  ni.mg.mm  coil  loc.ited  on  the  high- 
pressure  side  ot  the  mtensitier. 

rile  lelocitii's  giien  in  'L.ible  2 .ire  tincor- 
rected  tor  length  ch.mges  resulting  trom 
conipression  .it  elei.ited  pressures.  Lor  most 
rocks,  this  correction  lowers  lelociti  .it  10 
kb  .ipproxini.iteli  0.02  km  sec  .md  is  sig- 
nitic.int  only  in  c.ilctil.itmg  el.istic  coiist.mts 
.md  pressure  derii.itives  ot  velociti.  The 
conipression.il  .md  she.ir  w .ii  e i elocities  ,ire 
estim.iied  to  be  .iccur.tte  to  O.s  percent  .md 
1 percent,  respectivelv  (C  hristensen  .md 
Sh.iw.  14-0  . 

R.itios  ot  \ ,,  to  \ , .md  the  el.istic  coti- 
si.ints  of  the  gr.iimlite  s.miples  c.ilcul.ited 
from  the  rel.itions  between  eListic  con- 
st.ints.  lelocitii's.  .md  density  (Hirch.  |4M 
.ire  gii  eti  m I .ible  L I he  i elocities  .md  den- 
sities used  for  the  c.i  leu  Lit  ions  w ere  cor- 
rected for  compressioti  using  .in  iter.itive 
technique  .md  the  din.imic.illy  determined 
compressibilities. 
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SUSMK;  VKLCX  nitS  AM) 

(.RAM  1 1 I t MlNKRAl  ()(.^ 

Hir^h  (I'-ihl  has  slunvii  that,  tn  a rirst 
approMiiiatnin,  aimpn-ssiDiial  w.nf  \t- 
U>sitn.'s  arc  ImcarK  rclaicil  m slciisits  lor 
rocks  ol  constant  mean  atomic  « eight.  On 
the  basis  ot  shear  ware  relocirs  measure- 
ments by  Simmons  , kanamori  anil 

.\li/iitani  |s)hs  , .tml  c hristensen  I'-lkRa. 
l')(shb,  ( hrisrenseii  ilemonstrateil 

that  a similar  relationship  exists  betueeii 
shear  lelociti  and  deiisitr.  The  mean 
atomic  weight  >n  ot  a rock  is  calculated 
trom  itscheniKal  analysis  with  the  relation 
"i  = s.v,  HI.  w here  hi  and  .v.  are  the 
mean  atomic  weight  and  proportion  bv 
weight  ot  oxide  I,  respectiveb.  ( alciilations 
bv  Birch  l')61  have  shown  that  most 
common  rocks  have  mean  atomic  weights 
between  20  and  22  and  that  ditterences  in 
mean  atomic  weights  ot  rock  are  primarily 
related  to  iron  content  — higher  iron  con- 
tent gives  a higher  mean  atomic  weight. 

In  granniite,  iron  is  otteii  located  in  the 
crvstal  lattices  ot  pyroxene,  amphibole, 
garnet,  biotite.  and  magnetite.  .An  increase 
in  the  percentages  ot  these  minerals  at  the 
expense  ot  feldspar  and  quart/  will  thus  in- 


crease mean  atomic  weight,  lor  the  granii- 
lite  samples  miliided  in  this  stiidv.  the  per- 
centages ot  iron-bearing  minerals  show  a 
lendeiKV  to  imrease  with  incre.ismg  deiisitv 
1 ables  1,  2 ; iheretore,  mean  .itomic 
weight  iitire.ises  with  iiKreasing  deiisitv. 
and  veloiities  should  not  follow  lines  ot 
constant  mean  atomic  weight.  In  1 igiire  I. 
gramilite  velocities  at  h kb  and  I'oisson's 
ratios  i.iliiilated  from  the  velocities  are  plot- 
ted against  bulk  density.  .-Also  shown  are 
mean  atomic  weight  lines  hi  = 2 I determined 
tor  compressional  wave  velocities  by  Birch 
l^hl  and  shear  wave  velocities  bv  ( hrist- 
ensen |vifiS  . -Although  the  veloiity -density 
d.vta  do  not  follow  lines  ot  eonstant  mean 
atomic  weight,  a linear  relation  between  \ ,, 
and  i>  IS  apparent.  Hie  least-squares  linear 
solution  IS  given  bv 

= (i.tl  * 2.2>, 

with  a correlation  loetticient  ot  l).4s.  C.om- 
pressional  wave  velocities  tor  the  higher 
deiisitv  graiuilite  rocks  tall  below  the  con- 
stant mean  atomic  weight  line  21  that  is, 
toward  lines  of  higber  mean  atomic 
weight  . as  predicted  from  their  miiieralo- 
gv.  Shear  velocities,  however,  do  not  show 
a linear  relation  between  detisitv  and  veloci- 


ty; lor  gramilite  rocks  with  densities  below 
approximately  2.Xs  g ic.  the  shear  ve- 
locities deirease  with  increasing  deiisitv. 
,ind  .ibove  2,Ss  gci.  the  veloeities  iiicre.ise 
with  increasing  density . Poisson's  ratio  first 
iiKreases  with  increasing  density  and  then 
decre.ises  1 ig.  I . with  the  exception  ot 
sample  III, 

1 he  imiisiial  relation  between  shear  ve- 
locitv  and  deiisitv  is  readily  explained  by 
the  mineralogy  ot  the  gramilite  rocks.  I he 
increase  in  shear  velocity  with  inireasing 
deiisitv  tor  gramilite  rocks  with  densities 
above  2.Rs  g cc  is  due  to  increasing 
py  roxene,  hornblende,  and  g.irnet  content. 
1 hese  minerals  have  higher  aggregate  vel- 
ocities than  feldspars  and  quart/  Table  -4  . 
The  relatively  low  shear  velocity  and  high 
Poisson's  ratio  for  sample  HI  are  related  to 
the  high  feldspar  content  of  this  rock  Ta- 
bles 1,4.  por  the  lower  density  samples, 
there  is  a decrease  in  quart/  content  with 
increasing  density,  (ompared  to  many 
other  common  silicates,  quart/  has  a rela- 
tively low  compressional  wave  velocity  and 
a high  shear  wave  velocity  (a  low  Poisson's 
ratio  , rhus.  decreasing  quart/  content  will 
increase  compressional  wave  velocity  and 
ilccrt'.iSi'  shear  wave  velocity,  as  observed 


TABLE  2.  COMPRESSIOSAL  AS'D  SHEAR  WAVE  VELOCITIES  IKM'SECl 


Sample  no.  dnd  locality 

Bulk 

density 

(g/ca’) 

? - 

0.4  kb 

: - 

1.0  kb 

r - 2, 

.0  kb 

r - 

4.0  kb 

• 6, 

.0  kb 

• • 8, 

,0  kb 

r - 

:'’.0  kb 

’ e 

' e 

■ e 

■ ft 

•V 

ft 

' e 

’ e 

1,  Sew  Jersey  Highlands 

2.671 

6.13 

3.68 

6.25 

3.72 

6.350 

3.  762 

6.428 

3.790 

6.462 

3.805 

6.518 

3.814 

6.542 

3.820 

2.693 

6.32 

3.55 

6.43 

3.59 

6.510 

3.620 

6.595 

3.642 

6.640 

3.650 

6.669 

3.653 

6.690 

3.655 

2.678 

6.32 

3.67 

6.40 

3.69 

6.469 

3.721 

6.548 

3.744 

6.595 

3.758 

6.628 

3.767 

6.650 

3.773 

Mean 

2.681 

6.26 

3.63 

6.36 

3.67 

6.443 

3.701 

6.523 

3.725 

6.572 

3.738 

6.6C5 

3.745 

6.627 

3.749 

2,  Tlchborne,  Ontario 

2.  715 

5.99 

3.29 

6.05 

3.34 

6.162 

3.414 

6.308 

3.526 

6.406 

3.587 

6.464 

3.613 

6.483 

3.620 

2.709 

5.99 

3.20 

6.09 

3.26 

6.195 

3.341 

6.339 

3.466 

6.432 

3.539 

6.482 

3.575 

6.507 

3.586 

2.713 

5.94 

3.25 

6.03 

3.33 

6.140 

3. (.17 

6.292 

3.538 

6.390 

3.603 

6.439 

3.635 

6.460 

3.644 

Mean 

2.  712 

5.97 

3.25 

6.06 

3.31 

6. 166 

3.391 

6.313 

3.510 

6.409 

3.576 

6.462 

3.608 

6.483 

3.617 

3.  Santa  Lucia  .Mtns.,  California 

2.729 

6.28 

3.24 

6.45 

3.29 

6.541 

3.324 

6.646 

3.348 

6.715 

3.362 

6.772 

3.373 

6.795 

3.380 

2.726 

6.41 

3.46 

6.47 

3.50 

6.515 

3.555 

6.572 

3.599 

6.615 

3.630 

6.655 

3.655 

6.690 

3.679 

2.729 

6.48 

3.59 

6.55 

3.64 

6.632 

3.683 

6.700 

3.717 

6.738 

3.749 

6.772 

3.765 

6.600 

3.770 

Mean 

2.728 

6.39 

3.43 

6.49 

3.48 

6.563 

3.521 

6.640 

3.555 

6.689 

3.580 

6.733 

3.598 

6.762 

3.610 

4,  Saranac  lake.  Sew  York 

2.846 

6.17 

3.22 

6.43 

3.31 

6.553 

3.350 

6.635 

3.382 

6.672 

3.396 

6.7C5 

3.405 

6.731 

3.410 

2.771 

5.99 

3.24 

6.32 

3.32 

6.500 

3.375 

6.637 

3.415 

6.698 

3.438 

6.738 

3.458 

6. 771 

3.472 

2.873 

6.13 

3.25 

6.43 

3.37 

6.573 

3.415 

6.695 

3.450 

6.752 

3.468 

6.784 

3.481 

6.800 

3.490 

Mean 

2.830 

6.09 

3.24 

6.40 

3.33 

6.542 

3.380 

6.656 

3.416 

6.707 

3.434 

6.742 

3.448 

6.767 

3.457 

S,  Saranac  Lake.  Sew  York 

2.806 

6.26 

3.36 

6.46 

3.43 

6.575 

3.485 

6.687 

3.539 

6.754 

3.556 

6.800 

3.560 

6.830 

3.568 

2.866 

5.97 

3.29 

6.26 

3.37 

6.410 

3.417 

6.531 

3.452 

6.580 

3.462 

6.603 

3.468 

6.615 

3.470 

2.862 

6.24 

3.26 

6.47 

3.31 

6.616 

3.378 

6.732 

3.453 

6.775 

3.486 

6.807 

3.497 

6.833 

3.508 

Mean 

2.845 

6.16 

3.31 

6.40 

3.37 

6.534 

3.427 

6.650 

3.481 

6.703 

3.501 

6.737 

3.508 

6.  759 

3.515 

6,  Santa  Lucia  Mtns.,  California 

2.892 

6.79 

3.66 

6.88 

3.70 

6.951 

3.736 

7.030 

3.769 

7.085 

3.792 

7.120 

3.811 

7.149 

3.823 

2.916 

6.32 

3.58 

6.60 

3.63 

6.725 

3.659 

6.613 

3.675 

6.855 

3.682 

6.890 

3.686 

6.920 

3.688 

2.890 

6.67 

3.58 

6.75 

3.61 

6.820 

3.642 

6.683 

3.672 

6.920 

3.690 

6.949 

3.700 

6.975 

3.709 

Mean 

2.899 

6.60 

3.61 

6.75 

3.65 

6.832 

3.679 

6.909 

3.705 

6.953 

3.721 

6.986 

3.732 

7.015 

3.740 

7,  Adirondack  Mtna.,  New  York 

2.963 

6.71 

3.71 

6.78 

3.74 

6.858 

3.778 

6.943 

3.808 

6.983 

3.828 

7.015 

3.845 

7.042 

3.855 

2.905 

6.75 

3.70 

6.82 

3.73 

6.888 

3.762 

6.970 

3.790 

7.012 

3.805 

7.047 

3.818 

7.077 

3.823 

2.916 

6.80 

3.63 

6.86 

3.71 

6.935 

3.750 

7.003 

3.785 

7.040 

3.804 

7.071 

3.816 

7.096 

3.821 

Mean 

2.928 

6. 75 

3.68 

6.82 

3.73 

6.894 

3.763 

6.972 

3.794 

7.012 

3.812 

7.044 

3.626 

7.072 

3.633 

Santa  Lucia  Mtna..  California 

2.995 

6.11 

3.50 

6.38 

3.60 

6.600 

3.679 

6.779 

3.751 

6.865 

3.785 

6.931 

3.804 

6.980 

3.812 

2.993 

6.41 

3.59 

6.71 

3.71 

6.940 

3.810 

7.125 

3.896 

7.221 

3.934 

7.300 

3.953 

7.379 

3.960 

2.960 

6.25 

3.49 

6.44 

3.60 

6.650 

3.667 

6.818 

3.724 

6.897 

3.744 

6.950 

3.753 

6.987 

3.759 

Mean 

2.983 

6.26 

3.53 

6.51 

3.63 

6.730 

3.719 

6.907 

3.790 

6.994 

3.821 

7.060 

3.837 

7.115 

3.844 

9,  Wind  River  Mtna.,  Wyoming 

3.048 

6.83 

4.07 

7.07 

4.11 

7.181 

4.160 

7.256 

4.212 

7.310 

4.248 

7.354 

4.272 

7.396 

4.288 

3.048 

7.33 

4.03 

7.42 

4.09 

7.499 

4. 141 

7.573 

4.197 

7.616 

4.230 

7.642 

4.252 

7.660 

4.263 

3.010 

6.65 

3.62 

6.84 

3.72 

7.021 

3.836 

7.  119 

3.945 

7.175 

3.985 

7.220 

4.005 

7.254 

4.018 

Mean 

3.035 

6.94 

3.91 

7.11 

3.97 

7.234 

4.046 

7.316 

4.118 

7.367 

4.154 

7.405 

4.176 

7.434 

4.190 

10,  Valle  d'Oaaola,  Italy 

3.055 

6.10 

3.47 

6.79 

3.74 

7.098 

3.851 

7.306 

3.954 

7.430 

4.000 

7.502 

4.027 

7.520 

4.054 

3.132 

6.35 

3.54 

6.78 

3.75 

7.143 

3.904 

7.400 

4.008 

7.486 

4.041 

7.530 

4.070 

7.555 

4.097 

3.067 

6.08 

3.43 

6.50 

3.63 

6.924 

3.775 

7.174 

3.877 

7.284 

3.906 

7.338 

3.903 

7.377 

3.956 

Mean 

3.085 

6.18 

3.48 

6.68 

3.71 

7.055 

3.843 

7.293 

3.946 

7.400 

3.982 

7.457 

4.000 

7.484 

4.036 

d 
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tor  the  gramilitc  maniples  plotti-d  in  1 inure 
1.  rhu>  observation  may  prove  to  have  im- 
portant implieations  m tuture  interpreta- 
tions of  eriistal  low-veloeity  zones.  Several 
seisinie  mvestinations  (tor  example,  l.aiui- 
isman  aiivl  others,  ISfl;  .Mueller  aiul  1 aiui- 
isman,  I *^66)  hav  e eited  ei  idenee  for  the 
presenee  of  compressional  wave  low- 
veloeity  zones  in  the  eontinent.il  eriist.  It  is 
possible  that  vteereasinn  vpiartz  eontent 
with  depth  in  erustal  rocks  could  cause  a 
velocity  inversion  of  quite  a different  sort: 
one  for  shear  waves  but  not  for  compres- 
sional  waves.  .At  present,  however,  because 
very  little  information  is  available  on  shear 
wave  velocities  in  the  continental  crust, 
there  is  no  evidence  either  siipportmn  or 
disproving  the  existence  of  crustal  shear 
wave  low-velocity  zones. 

I he  mineralogies  of  the  graiuilite  rocks 
arc  related  in  a complex  manner  to  the  ve- 
locities. l o a hrst  .ipproximation,  compres- 
sional  wave  velocities  m granulite  rocks  in- 
crease systematically  with  increasing 
pyroxene,  amphibole,  and  garnet  content. 


TABLE  1.  ELASTIC  CONSTAKTS  CALCL'UTED  FROM  V^,  V^,  AKD  P 


9 

X 

1. 

£ 

\ 

(kb) 

fka/stc) 

* (Mb) 

(Mb-‘) 

(Mb) 

(Kb) 

(Mb) 

Soaplc  1 

0.4 

1.72 

0.25 

21.6 

0.58 

1.73 

0.35 

0.88 

0.14 

2.0 

1.74 

0.25 

23.2 

0.62 

1.60 

0.37 

0.92 

0.  38 

6.0 

1.76 

0.26 

24.4 

0.66 

1.51 

0.38 

0.95 

0.41 

iO.O 

1.77 

0.26 

24.9 

0.68 

1.47 

0.38 

0.96 

0.42 

Saaplt  2 

0.4 

1.84 

0.29 

21.6 

0.59 

1.70 

0.29 

0.74 

0.40 

2.0 

1.02 

0.28 

22.6 

0.62 

1.62 

0.31 

0.80 

0.41 

6.0 

1.79 

0.27 

23.9 

0.65 

1.53 

0.35 

0.89 

0.42 

10. 0 

1.79 

0.27 

24.3 

0.67 

1.49 

0.16 

0.91 

0.43 

5aaplc  3 

0.4 

1.86 

0.30 

25.1 

0.69 

1.46 

0.32 

0.83 

0.47 

2.0 

1.86 

0.30 

26.5 

0.72 

1.38 

0.  34 

0.87 

0.50 

6.0 

1.87 

0.30 

27.5 

0.  76 

1.  32 

0.35 

0.9: 

0. 52 

10.0 

1.87 

0.30 

28.1 

0.78 

1.29 

0.  36 

0.93 

0.54 

SU, 

pie  4 

0.4 

1.88 

0.30 

2 3.1 

0.65 

1 53 

0.  30 

0.77 

0.46 

2.0 

l.»4 

0.32 

27.5 

0.78 

1.28 

0.32 

0.85 

0.57 

6.0 

1.95 

0.32 

29.1 

0.82 

1.20 

0.  33 

0.88 

0.61 

10.0 

1.96 

0.  32 

29.6 

0.85 

1.18 

0.34 

0.90 

0.62 

Sasplc  5 

0.4 

l.b6 

0.30 

23.3 

0.66 

1.51 

0.31 

0.81 

0.46 

2.0 

1.90 

0.31 

27.0 

0.80 

1.30 

0.33 

0.88 

0.55 

6.0 

1.91 

0.31 

28.4 

0.82 

1.23 

0.35 

0.92 

0.58 

10. 0 

1.92 

0.31 

29.0 

0.83 

1.20 

0.35 

0.92 

0.60 

Sample  6 

0.4 

1.83 

0.29 

26.2 

0.  76 

1.32 

0.  38 

0.97 

0.51 

2.0 

1.86 

0.30 

28.6 

0.83 

1.21 

0.39 

1.01 

0.57 

6.0 

1.87 

0.30 

29.8 

0.87 

1.15 

0.40 

1.04 

0.60 

10.0 

1.88 

0.  30 

30.3 

0.89 

1.13 

0.41 

1.06 

0.62 

Sample  7 

0.4 

1.84 

0.29 

27.5 

0.81 

1.24 

0.40 

1.02 

0.54 

2.0 

1.81 

0.29 

28.6 

0.84 

1.19 

0.41 

1.07 

0.56 

6.0 

1.84 

0.29 

29.7 

0.87 

1.14 

0.43 

1.10 

0.59 

10.0 

1.85 

0.29 

30.2 

0.89 

M2 

0.43 

M2 

0.61 

Sample  8 

0.4 

1.77 

0.27 

22.5 

0.67 

1.49 

0.  37 

0.94 

0.42 

2.0 

1.81 

0.28 

26.8 

0.80 

1.25 

0.41 

1.06 

0.52 

6.0 

1.8} 

0.29 

29.3 

0.88 

1.14 

0.43 

1.12 

0.59 

10.0 

1.85 

0.29 

30.7 

0.93 

1.08 

0.44 

1.14 

0 63 

Sample  9 

0.4 

1.77 

0.27 

27.8 

0.84 

1.19 

0.46 

1.18 

0.53 

2.0 

1.78 

0.27 

30.5 

0.93 

1.08 

0.50 

1.27 

0.60 

1.77 

0.27 

31.1 

0.95 

1.05 

0.53 

1.11 

0.60 

10.0 

1.77 

0.27 

31.6 

0.97 

1.03 

0.51 

1.36 

0.61 

Sample  10 

1.78 

0.27 

22.0 

0.68 

1.47 

0.37 

0.95 

0.43 

2.0 

1.84 

0.29 

30.0 

0.93 

1.08 

0.46 

1.18 

0.62 

1.86 

0.30 

33.5 

1.04 

0.96 

0.49 

1.27 

0,71 

10. 0 

1.85 

0.29 

34.x 

1.06 

0.94 

0.50 

1.31 

0.73 

I HKISll  NSI  S AND  I Ilf  IN  IAIN 

f igure  1 shows  modal  percentages  of  these 
minerals  ( 1 able  1)  with  compressional 
wave  velocities  between  -4  and  10  kb.  Ihe 
data  in  I igure  1 also  emphasize  the  impor- 
tance of  pyroxene  versus  amphibole  con- 
tent (that  IS,  subtacies  mineralogy)  on  com- 
pression.il  wave  velocities.  Because 
pyroxenes  have  signiricantlv  higher  ve- 
locities than  amphiboles  (1  able  4),  granulite 
rocks  of  the  pyroxene-gr.nuihte  subfacies 
have  higher  velocities  than  hornblende- 
graiuilitc^  subtacies  rocks  of  roughly  equiv- 
alent percentages  ot  inatic  minerals.  It  fol- 
lows that  in  hornblende-granulite-sub- 
facies  rocks,  the  amount  ot  hornblende  rel- 
ative to  pyroxene  w ill  signiticanily  nitllicnce 
velocities,  f-or  example,  samples  S and  4 
have  .ipproxiinatelv  equivalent  percentages 
of  total  amphibole  plus  pyroxene  ( Table  I; 
Tig.  2);  however,  due  primarily  to  a greater 
percentage  of  pyroxene,  sample  4 has 
higher  velocities.  .Additional  comparisons 
of  samples  ^ and  4 and  samples  6 and  7 
(Tig.  2)  also  illustrate  this  mtluence  of  meta- 
morphic  grade  on  velocities. 

.A  more  detailed  examination  of  the 
influence  of  mineralogy  on  elastic  proper- 
ties may  be  made  with  the  use  of  triangular 
velociry-ininer.ilogy  diagrams  similar  to 
those  used  by  f hristensen  (1466b)  tor  ul- 
tramahe  mineral  assemblages.  Velocities  ot 
the  individual  mineral  components  for 
these  diagrams  can  be  obtained  from 
theoretical  \'oigt-Reuss-Hill  averages  of 
single-cry  stal  elastic  constants  (Table  4).  It 
should  be  emphasized  that  the  velocities 
given  in  Table  4 are  for  atmospheric  pres- 
sure deterniinations,  and  there  is  uncer- 
tainty about  the  correct  technique  to  be 
used  to  calculate  aggregate  velocities  from 
single-crystal  data  (Birch,  14“2;  Thomsen, 
14‘’2).  Nevertheless,  calculations  of  rock 
velocities  from  \'oigt-Reuss-f fill  averages 
tend  to  agree  quite  well  with  measured  ve- 
locities at  pressures  above  1 to  2 kb  when 
the  effects  of  gram  houndary  cracks  on  vel- 
ocitv  are  negligible  (C  hristensen,  I46.C, 
I 466a). 


In  the  following  discussion,  the  emphasis 
will  be  on  changes  in  velocitv  that  accom- 
pany changes  in  mineralogy,  rather  than  on 
the  values  of  the  aggregate  velocities  them- 
selves. In  this  way,  the  averaging  technique 
used  to  obtain  single-crystal  aggregate  ve- 
locities has  less  importance,  and  the  effects 
of  pressure  on  mineral  velocities,  w hich  are 
unknown  for  many  of  the  minerals  listed  in 
Table  4,  can,  to  a first  approximation,  be 
neglected.  Aggregate  velocities  and  Pois- 
son’s ratios  have  been  calculated  tor  four 
major  three-componenf  mineral  as- 
semblages typical  of  granulile-facies  rocks: 
bronzite  -1-  quartz.  + plagioclase  (An-s  . 
bronz.ite  + perthite  -6  pkigiocTase  .Aiv.^), 
bronzite  -t-  hornblende  + plagioclase 
(An^ji),  and  bronzite  -6  garnet  -i-  pl.igiodase 


Figure  I.  Ompressional  wave  veliKity,  shear 
wave  velocity,  and  Poisson's  ratio  at  6 kb  versus 
density  for  granulite-facies  rocks. 


TABLE  S.  ACZJRFGATE  VELOCITIES  AT  ATMOSPHERIC  PRESSURE  FOR  SELECTED  MINERALS  COMMON  IN  GRANULITE 


Mineral 

Conpoeltlon 

Denalty 

(g/cc) 

V 

P 

(km/a) 

V 

e 

(km/a) 

Reference 

Mlcrocllne 

2.56 

6.01 

3.34 

Alexandrov  and  Ryzhova,  1962 

Peithlte 

79X  Or.  19T  Ab.  2X  An 

2.56 

5.91 

3.25 

Ryzhovs  and  Alexandrov,  1965 

Plagloclaae 

91  An 

2.61 

6,07 

3.34 

Ryzhova,  1964 

Plagioclase 

24Z  An 

2.64 

6.22 

3.40 

Ryzhova,  1964 

Plagioclase 

291  An 

2.64 

6.  35 

3.44 

Ryzhova,  1964 

iTuartz 

2.65 

6.05 

4.09 

KcSklaln  and  othara,  1965 

Plagloclaae 

53X  An 

2.68 

6.57 

3.53 

Ryzhova,  1964 

Plagioclase 

S6r  An 

2.69 

6.62 

3.57 

Ryzhova,  1964 

Bloclte 

3.05 

5.26 

2.87 

Alexandrov  and  Ryzhova.  1961a 

Hornblende 

3.15 

7.04 

3.81 

Alaxandrov  and  Ryzhova,  1961b 

Dlopslde 

3.31 

7.70 

4.38 

Alexandrov  and  othera,  1964 

Bronzite 

85X  En 

3.34 

7.84 

4.75 

Kumazawa,  1969 

Carnet 

Almandlte-pvrnpe 

4.16 

8.53 

4.  76 

Soga,  1967 

Garnet 

Almandlte 

4.18 

8.52 

4.77 

Verva,  1960 

Magnetite 

5.18 

7.40 

4.20 

Doralavaml.  1947 
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\Hv,  1 hf  n-sulis  i>l  thiM'  i.iiv. Illations  arc 
shown  in  hgiircs  t and  4. 

Samples  I.  d,  and  I arc  plotted  in  higiirc 
' a 1 hcdiajtrams ol  I igiirc  ' a prcdictthat 
these  roeiss  should  have  iiearK  equal  shear 
seloeities,  sshereas  eoinprcssional  \sa\e 
seloeities  ot  sample  I should  he  sij;- 
nitkantK  hi^ther  than  those  ot  samples  I 
aiut  d.  1 his  avtrees  ssell  with  the  measured 
selosities  lahled  . More  importaiitK.  I in- 
ure t a illustrates  the  ettest  ot  quart/ on  the 
annrenate  properties  ot  nraniilite-taeies 
roiks.  Alonn  the  line  trom  point  A to  point 
B on  the  diagrams.  iiisreases,  but  \ , de- 
sreases.  I his  direstion  corresponds  to  the 
direction  ot  the  ma\imum  decrease  m Pois- 
son's ratio.  Note  that  this  direction  does 
not  coincide  with  the  direction  ot 
maMiniim  decrease  ot  the  percentage  ot 
quart/,  because  Poisson's  ratio  is  controlled 
b\  three  mineral  components,  not  quart/ 
alone. 

1 he  assembl.ige  bron/ite  -*•  perthite  -t- 
.■\n.j,  hig.  ? ditters  trom  the  previous  as- 
semblage b>  the  substitution  ot  perthite  tor 
quart/,  (iranulite  samples  ot  this  rnineral- 
og>  4.  s,  -)  are  plotted  m Figure  F(b).  It 
IS  clear  that  the  ditterences  between  and 
V , between  sample  ~ and  samples  4 and  > 
are  primariK  due  to  ditterenees  in  pyroxene 
content,  because  the  velocity  contours  are 
siibparallel  to  lines  ot  constant  pyroxene 
percentage.  Fhtis.  a small  change  m the  per- 
centage ot  pyroxene  will  greatly  intliience 
theaggregatevelocity.  Figure  ?{b)alsi)shows 
that  the  velocity  contours  tor  V ,,  and  \ , are 
nearly  parallel  to  each  other,  m marked 
contrast  to  the  velocity  contours  tor  Figure 
Va  . This  ditterence  again  points  to  the  un- 
usual elastic  behavior  of  quart/  in  intliienc- 
ing  overall  elastic  properties  ot  graniilite- 
tacies  rocks. 

Samples  6,  S,  and  4 are  plotted  m Figure 


'6, 

74. 

1 

i 

Til 

f 

5 

« 701 
= 1 

1 

> ««1 

r 

1 

e« 

m 

64 

) 

60 

X 

if  40 

L 1 

MO 

% 

MO 

(Ml 

i *0 

j 

' P| 

r ^ 

”0  ’ < f*  J 

Pi 

Pt  ’ 

Pi 

1 «*•  [ P»  1 ***  c i 

I 

[_ j 

1 2 3 4 S 

sample 

6 7 

NOMSIA 

• 

» 

10 

Figure  2.  Percent  pyroxene  (Px),  hornhiende 
(Hb),  and  garnet  (Cla)  for  granulitc-facics  rocks 
and  ranges  of  eompressional  wave  velocities  hc- 
tween  4 and  10  kb. 


4(a),  the  bron/ite  hornhiende  + Aiije  as- 
semhlage.  Fhis  assemblage  illustrates  the 
interplay  of  pyroxene  and  hornblende  in 
determining  the  elastic  properties  of 
granulite-tacies  rocks.  Consider  any  line  ot 
constant  py  roxene  -l-  hornblende.  .As  this 
line  IS  tollovved  m the  direction  ot  increas- 
ing pyroxene  |tor  example,  .A  to  B,  m Fig. 
4(a)|cv)mpressional  wave  velocities  increase. 
Fhus  the  diagram  illustrates  the  eftect  of  in- 
creasing pyroxene  at  the  expense  ot 
hornblende  on  eompressional  wave  veloc- 
ities, as  discussed  earlier  in  conjunction  with 
Figure  2.  One  should  keep  in  mind,  how- 
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ever,  that  recent  measurements  m our 
laboratory  of  velocities  m hornbleiidite  in- 
dicate that  the  hornblende  shear  velocity  in 
Table  4 and  Figure  4(a)  may  be  low  by  as 
much  as  I).  ? km  sec. 

Figure  4(b)  illustrates  the  bron/ite  -i-  gar- 
net -t-  .\n,,,i  assemblage  appropriate  to  sam 
pie  10.  File  important  tact  here  is  that  V ,,  is 
relatively  insensitive  to  the  percentage  ot 
bron/ite  (note  that  the  v elocity  contours  are 
perpendicular  to  the  lines  ot  equal  percent- 
age of  bron/ite).  Fhe  eompressional  wave 
velocity  IS  changed  most  readily  hy  chang- 
ing the  ratio  of  garnet  to  plagioclase. 


Figure  4.  Aggregate  values  of  eompressional  and  shear  wave  veliHity  and  Poisson's  ratio  for  as- 
semblages (a)  bronziic  -i-  quartz  v An.„  and  (b)  bronzitc  + perthite  + An-j,. 
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(.DMIDSII  ION  OF  FHF 
lOWFR  CONFINFMAl  CRUSI 

1 '.tiin.iti's  1)1  lower  eriist.il  voPipoMtioii 
I'.iseJ  on  tk  kl  rel.nions  li.ne  Ken,  to  some 
extent,  Mil’st.inti.itei.1  I’l  e\|’ernnent,il 
stiniies  ol  lnj;li-teinper,itnre  ,inj  hinh- 
presMire  nnner,\loj;ie  .ts'ienil’Kiges.  Ken 
neJxK  K)x^))  prelmnn,ny  experiments  on 
tile  g.il'hro-ei Ionite  pli,ise  ir,instorni.ition 
tor  l',ts,iltie  eoinpositions  slioweJ  ili,it  inin- 
er,il  ,isseniM,ii;es  eh.ir.ieteristie  ol 
,ur,iiuilite-t,Kies  met.imorjslnsin  piroxene 
-)•  pl.igioel.ise  ± g,irnet  ± ipKirt/)  .ire  st.il'le 
np  to  the  eslopte  st.ihihti  tiehl  .nul,  on  the 
h.isis  ot  extr.ipol.itions.  snugesteJ  th.it  these 
.issenthhiges  shonhl  he  si.ihle  .it  the 
pressnre-temper.mire  eoiulitions  of  the 


lower  eontment.il  ernst.  Snhsee|nent  exper- 
iments eoiuliieteil  hy  t oiler  .md  I illei 
(I'^lKd),  I oheii  .nul  others  (l‘)h“’;,  Ito  .md 
Kennedy  (1‘)~<I.  K)''.).  .md  Kennedi  .md 
Ito  (l')^2)  pro\  ided  l.il.i  m support  ol 
Keimeili  Rmni  ooil  .md  Cinvii's 

(I'-Iud)  prelmnn.iri  resiil  s,  however,  nidi- 
e.ited  th.it  eelouHe  nmier.il  .issemhl.iges 
ni.iy  he  the  st.ihle  ph.ises  lor  h.is.illie  eoiii- 
positions  .It  lower  ernst.il  pressiire- 
temper.itnre  eonditions.  In  more  det.iiled 
utirls  th.it  tolloweil  (kmgwtKid  .md  (ireeii. 
l'-)('(i,i,  I'lhtsh;  I, reel!  .Hid  Ringwood, 
K)”2),  extr.ipol.itions  of  extremely 
high  pressure  g.ihhro-gr.iiuihte-eelogite 
si.ihiliiy  d.it.i  to  the  lower  presstires  .iiid 
teniper.iinres  expested  tor  the  eontmeiil.il 
ernst  liirther  suggested  tli.it  iiiuler  .min - 


drolls  eonditions,  eelogite  .md  possihh  g.ir- 
net  gr.tinilite  .ire  the  st.ihle  ph.ises  ot  h.is.il- 
til  lomposition  III  the  iriist. 

Fewer  d.it.i  .ire  .n.iil.ihle  on  the  st.ihilny 
ol  high-pressiire  .nul  high-iemper.itiire 
mmer.il  .issembl.iges  tor  )nierniedi.ite  .md 
.leidie  eoinpositions.  (ireeii  .md  1 amhert 
( I Vhx),  however,  studying  erystalli/Jlioii  ot 
various  mineral  phases  m a starling  mate- 
rial ot  gr.iiiitie  eomposition.  tonnd  that 
graiiiilite-laeies  mineral  assemhlages 
(ipiart/  + plagiotl.ise  -I-  alkali  teldspar  -r 
pyroxene  ± garnet)  are  stable  at  the 
pressnre-temperatnre  eonditions  ol  the 
lower  ernst.  Fhese  authors  thus  suggested 
that  these  laboratory-generated  as- 
semblages have  natural  analogs  m many 
aeid  gr.mulite  and  iharnoekite  terraiies.  In 
a more  reeeiil  study  ot  gabbroii  anortho- 
site and  diorite  lompositioiis,  I.  H.  (ireeii 
(let'll)  also  tonnd  gr.mulite  mineralogies  ol 
these  eoinpositions  to  be  stable  assemblages 
under  lower  erustal  eonditions.  I here  are. 
therefore,  data  from  experimental  studies 
mdieaiiiig  that  granuhte-taeies  asseiiibhiges 
of  aeidle  and  nitermediate  eoinpositions 
may  be  miportani  stable  phases  ol  the 
lower  ernst. 

Variability  in  Lower 
Oustal  Caimposition 

.Mthough  expermieiital  investigations  on 
mineral  st.ibiliry  Helds  at  relatively  high 
temperatures  and  pressures  and  estimates 
of  pressure  atul  temperature  eonditions 
within  the  ernst  suggest  that  roeks  ot  the 
granniite  t.ieies  may  be  ubiqnitoiis  eon- 
stitnents  of  the  deep  ernst  ot  the  eoiitments, 
any  valid  petrologie  moeiel  tor  the  lower 
ernst  b.iseel  on  grannhte-f.ieies  mineralogy 
must  satisfy  eomp.irisons  ot  seismie  data 
with  observed  veloeities  in  granulite-faeies 
roeks.  The  most  widely  aeeepted  models  of 
eontmental  strneture  have  been  those  de- 
ternijned  through  explosion  seismology. 
.Most  erustal  models  are  eonsuiered  to  be 
either  two  layered,  the  deeper  layer  sepa- 
rated from  the  upper  layer  by  the  ( onrad 
diseontmuity.  or  essentially  one  layered, 
with  a shallow  relraetor  at  depths  of  a few 
kilometers  extending  to  the  .Mohorov  liic 
diseontmuity.  In  some  seisime  refraction 
investigations,  however,  more  than  two 
layers  have  been  reported  (Hall  and  Hajnal, 
|4~T  Milehell  and  1 andisman. 

I hese  traditional  pictures  ot  the  Farth's 
crust  are  undoubtediv  oversimplihed 
(lames  and  Stemhart.  l^tfsts;  we  hope 
that  tutnre  thorough  examinations  ot 
velocitv -depth  relations  will  dehne  con- 
tinuous velocity  proriles.  which,  m coniunc- 
tion  with  laboratory  measurement  of  rock 
velocities,  will  provide  important  informa- 
tion on  changes  m composition  with  depth. 

A summarv  ot  more  than  iOO  compres- 
sional  wave  velocities  tor  cr.istal  retractors 
at  ilepihs  greater  than  Id  km  m the  lower 


Figure  4.  .Aggregate  vsilues  of  compressional  and  shear  wave  velocity  and  Poisson's  ratio  for  as- 
sembl.iges  (a)  bron/ite  + hornblende  + An.,  and  (b)  bron/ite  + garnet  + An:,.i. 


I ONSlIH  IION  1)1  III!  loVilR  C OVUM  MAI  (RIM 


v.<)i!tii)ii)t.il  IS  s))c)vvn  in  lifiiin-  ■?.  .A 

liinitaiion  nl  lO-kin  iliptli  .illim s ohsi-rv .1- 
tuins  ot  oiiKiiioit.il  vriiM  hcluw  « li.it 
would  toiucmioii.illy  In.-  i..illcd  the  I oitr.id 
di>a)titiniiit>  .iiid  pncliides  d.it.i  troni  oiie- 
l.iyc-r  Mihitioiis.  1 inure  > slioii  s th.it  lower 
eriist.tl  retr.Ktors  exhibit  .ill  extremely  wide 
r.iiige  ol  eoiiipressioii.il  w.ne  leloeities. 
wliieh  siinnests  th.it  the  loeeer  eriist  is  t|iiite 
v.in.thle  in  eoiiipositioii.  Bee.tiise  ol  this 
v.tri.ihility.  It  should  he  emph.tsi/ed  th.it 
o(er.ill  estiiii.ites  ol  eriist.il  eoiiiposiiion  .ire 
.It  present  extreiiieh  temioiis  (I’ohlerv.t.trt. 
I'lss;  r.iylor,  1^)64;  l.tilor  .iiid  White. 
|4tiS;  I’.ikiser  .iiid  Rohinson.  I'-lhh; 
W eiiepohl,  Konoi  .tiiel  V.irosheeskv, 

|4h4). 

Also  ilhistr.tted  in  1 igiire  5 is  the  r.injte  ot 
eoiiipression.tl  w.iie  leloeities  between  4 
.tiid  10  kb  tor  the  10  gr.iiuillte-l.ieies  rocks 
we  .ire  coiicerned  with  here,  t he  r.inne  of 
velocities  tor  the  nr.tiuilite  s.tiiiples  is  cle.trly 
simiLir  to  the  r.itiRe  of  seismic  velocities  de- 
termined tor  the  lower  crust.  .As  discussed 
111  the  precedmn  section,  the  v .iri.ibility  ot 
velocities  tor  the  s.imples  is  cle.irly  rel.ited 
to  their  r.mne  of  nnner.ilony  .uid  chemistry. 
Thus,  if  the  lower  crust  is  composed  ot 
nr.tnulite-t.tcies  mmer.il  .issenibl.ines,  .i  sig- 
iiiric.int  chemic.il  .ind  miiier.ilonic  In- 
homoneiieity  of  the  lower  crust  is  implied. 

(Composition  of  the  (Crust 
Below  the  (Canadian  Shield 

In  the  past  few  years,  several  seismic  in- 
vestinations  have  provided  sinniricant  ob- 
servations that  allow  more  detailed 
analyses  of  crustal  composition  than  were 
previously  possible  for  classical  two-layered 
crustal  models.  These  observations  in- 
cluded crustal  shear  velocities  and  hence 
Poisson's  ratios,  intormation  on  positive 
crustal  velocity  gradients,  velocity  reversals 
within  the  crust  (I.andisnian  and  others. 
|4~|),  changes  m PoissotTs  ratio  with 
depth  (Suzuki,  14ftx),  and  crustal  anisot- 
ropv  (Dorman.  |4~2).  lo  show  how  wmie 
of  these  can  be  used  to  obtain  a general  pic- 
ture of  lower  crustal  composition,  seismic 
observations  for  one  particular  region,  the 
( anadian  Shield,  will  be  discussed. 

Seismic  refraction  studies  in  Ontario  and 
.Manitoba  (south  and  southwest  of  Hudson 
Bay)  sunimari/ed  by  Hall  and  Hajiial 
(I97A)  provide  excellent  data  for  a com- 
parison of  refraction  results  with  labora- 
tory data.  This  region  has  been  chosen  be- 
cause both  compressional  and  shear  wave 
velocities  are  reported,  the  stated  accuracy 
of  the  measurements  is  high  (most  velocities 
are  reported  accurate  to  ±().(H  kni  sec), 
and  the  region  has  been  covered  both  ex- 
tensively and  in  detail  (S4  deep  seismic  re- 
cordings). the  crustal  models  determined 
for  this  region  are  siimmari/ed  m Tigure  b 
(see  Hall  and  Ffajnal,  l^'A,  for  further  de- 
tails of  these  models).  Tigure  b(a)  is  deter- 


mined troni  profiles  sir.iddling  the  bound- 
ary between  the  ( htirchill  geologic  prov 
nice  and  the  Superior  geologic  province  and 
represents  the  crustal  structure  ot  the 
( htirchill  province,  the  west  Ontario  ami 
east  .Manitoba  models  |1  ig.  6(b),  (c  ) are  lor  .i 
region  farther  to  the  south  and  thus  repre- 
sent the  crustal  structure  ot  the  Superior 
prov  nice. 

Kefracted  velosities  tor  vrust  beneath  the 
( onr.id  discontinuity  |termed  the  Kiel  dis- 
continuity by  ttall  and  Ha|nal  (|4~f  | m 
these  models  are  6.4s.  (s.Sx,  .md  6.K  I km 
sec,  and  the  eastern  .Manitoba  section 
shows  an  additonal  sub-(  oiir.td  retractor 
ot  T I km  sec.  ( learly  these  velocities  are 
within  the  range  ol  compressional  wave 
velocities  measured  tor  granulite-l.icies 
rocks  111  this  study.  Know  ledge  ot  compres- 
sional wave  velocity  ot  the  lower  crust, 
however,  does  not  prov  ide  adec|uate  infor- 
mation lo  determine  lower  crustal  composi- 
tion; inspection  ot  figures  A and  4 shows 
that  a given  \ can  be  indicative  of  any 
number  ot  mineral  assembl.tges.  It  \',  is 
known,  Poisson's  ratio,  a parameter 


Figure  S.  Histogram  of  compressional  wave 
veliKilies  for  lower  crust  at  depths  greater  than 
to  km.  .Arrow  indicates  range  of  compressional 
wave  velocities  betvveen  4 and  It)  kb  reported  for 
granulite-faeies  rocks. 
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omposile  model  for  Canadian  Shield  (after  Hall 
nd  Hainal,  147?), 


2H 

thought  to  be  insensitive  to  pressure  and 
temperature  ( rosson  and  ( hristenseii, 
|4p~;  l.igerne  and  K.inestinni.  |4~?  tjn 
be  c.ilsiilated  and  useil  in  con|unciion  with 
\ as  a Loiistramt  on  Lrusial  composition. 
Superposition  ol  the  triangular  diagrams 
tor  \ „ and  ir  I igs.  A.  4 produce  mtersei- 
tions  between  \ ,,  contours  and  ir  contours 
th.it  represent  an  estimate  of  composition 
tor  specitic  values  ol  V,,  and  ir.  thus,  it 
these  two  parameters  are  known  tor  the 
lower  crust  ot  a region  and  granulite-lacies 
stability  IS  assumed,  it  may  be  possible  to 
estimate  lower  crustal  composition.  Ite- 
cause  the  triangular  diagrams  (Figs.  A,  4) 
were  calculated  trom  atmospheric  pressure 
vahiesol  elastic  constants  ol  the  co  ponetit 
minerals,  a correction  must  be  iiiude  for 
pressure.  The  average  disagreement  between 
the  predicted  velocities  and  those  measured 
at  6 kb  lor  the  granulite  samples  is  (1.2  km 
sec;  therefore,  each  velocity  contour  in  fig- 
ures A and  4 has  been  augmented  by  that 
amount,  f mploying  the  corrected  diagram 
for  the  assembl.ige  bronzite  + vpiartz  -*• 
.Aiij,,  I fig.  ^ (a)  I,  an  approximate  estimate  ol 
s(l  percent  Aiv.,.  2”  percent  bron/ite,  and 
2A  percent  quart/  can  be  made  for  tlie 
mineralogy  ot  the  lower  crust  ol  west  ( )n- 
tario  (\  ,.  = h.Ss  km  sec.  it  = (1.24).  figure 
“’(a)  also  predicts  a mineralogy  ot  6 A per- 
cent .Aiij,,,  A1  percent  bronzite.  and  6 per- 
cent quartz  tor  the  lower  crust  ot  the 
C htirchill  province  section  A ,,  = 6.4s 
km  sec.  it  = 0.26).  An  alternate  possibility 
ot  6s  percent  ,Ano,„  Alt  percent  bronzite.  and 
s percent  perthite  is  given  tor  the  ( htirchill 
province  mineralogy  |fig.  ~(b  |.  Note  that 
the  two  estimates  for  the  ( htirchill  province 
section  differ  only  by  the  substitution  ot  a 
small  percentage  ol  perthite  lor  quartz. 

The  two  estimates  lor  one  region  indicate 
the  nonuniqueness  of  this  approach.  If 
more  than  the  four  mineral  assemblages 
presented  here  had  been  examined,  more 
estimates  lor  one  region  may  have  been 
possible.  It  should  be  stressed  that  the  vari- 
ation ot  temperature  with  depth  was  not 
considered,  because  the  change  ot  \ with 
temperature  for  many  ol  the  minerals  used 
is  not  adequately  known.  The  correction 
tor  pressure  may  also  be  m error.  It  is  dear, 
however,  that  possible  estimates  ot  lower 
crustal  composition  cannot  be  made  bv  use 
of  compressional  wave  velocities  alone.  Al- 
though A,,  meastirements  lor  the  lower 
crust  of  the  two  regions  discussed  above  are 
nearly  equivalent,  knowledge  ot  Poisson's 
ratio  in  each  case  allows  calculation  of  dit- 
ferent  compocirioiis. 

Hall  and  Hain.il  (|4",A),  m developing  a 
composite  model  tor  the  ( anadian  Shield, 
found  ev  idence  tor  a positive  velocity  gra- 
dient m the  lower  crust: 

A',,  = r*.*(l  kill  sec  -E  0.1)2  t, 

w here  c is  the  depth  m kilometers.  Thus,  the 
retracted  velocity  at  the  C onrad  discon- 


234 


CHRlSIHSShN  AND  lODMAIN 


'I 


tinuir>'  t)t  6.Sn  knisoc  leads  tt)  a velocity  oi 
*’.15  km  sec  at  the  base  ot  the  crust,  a 
change  ot  0.5  krn.sec.  A similar  gradient 
was  observed  in  the  Cirenville  province  by 
Berry  and  huchs  (I ‘^“’5).  It  is  interesting 
that,  tor  the  rocks  examined  in  this  study, 
the  average  change  of  \ over  an  equivalent 
prevsure  range  ot  6 to  10  kb  is  only  0. 1 km 
see.  1 his  IS  signihcantly  less  than  the  change 
observed  in  the  C anadiati  Shield  and  would 
be  diminished  further  if  the  effect  of  tem- 
perature increases  expected  in  the  lower 
crust  (1  achenbruch,  I4"’())  were  consid- 
ered. Thus,  the  only  way  to  explain  this 
velocity  gradient  is  by  change  of  mineralogy 
with  increasing  depth  with  or  without  a 
change  m chemistry  . I hls  suggested  change 
of  mineralogy  with  depth  is  expressed  m the 
east  .Manitoba  section  by  the  sub-C  onrad 
refractor  of  1 0 km  sec.  Cioodacre’s  ( 1 4''2) 
analysis  of  refraction  data  for  C anada  also 
implied  a change  of  composition  with 
depth.  Other  regions  m w hich  evidence  for 
velocity  gradients  exist  are  .Missouri 
(Stewart,  1468),  Oklahoma  (.Mitchell  and 
l.andisman,  |4~1),  and  the  western  United 
States  (Prodehl,  19^0),  showing  that  posi- 
tive velocity  gradients  are  not  unique  to  the 
Canadian  Shield.  Steinhart  and  .Meyer 
(1461)  emphasized  that  many  time-distance 
curves  from  seismic  experiments  can  also  be 
interpreted  as  resulting  from  velocity  gra- 
dients instead  of  layets  of  constant  velocity. 
Thus,  in  addition  to  lateral  variations  of 
composition,  there  is  considerable  evidence 
to  suggest  that  the  lower  continental  crust 
IS  further  complicated  by  changes  in 
mineralogy  with  depth. 

SUMMARY  AND  CONCLUSIONS 

Velocities  and  elastic  constants  of 
granulite-facies  rocks  are  related  to  the  elas- 


tic properties  of  their  constituent  minerals, 
lo  a first  approximation,  velocities  and 
Poisson's  ratios  of  granulite  rocks  tan  be 
predicted  from  their  mineralogy  with  sim- 
ple three-component  dkigranis.  I he  dia- 
grams are  particularly  usetui  m understand- 
ing how  variations  m mmer.ilogy  altect 
seismic  velocities.  Because  these  diagrams 
show  that  a variety  ol  mineral  combina- 
tions can  have  equivalent  compressional 
wave  velocities,  the  interpretation  ot  lower 
crustal  seismic  wave  velocities  in  terms  ot 
granulite-tacies  mineralogy  requires  shear- 
velocities  in  addition  to  compressional 
wave  velocities. 

Our  knowledge  ol  the  structure  and 
composition  of  the  lower  continental  crust 
IS  still  incomplete.  However,  the  wide  range 
of  seismic  compressional  wave  velocities 
implies  extreme  variability  in  composition. 
Because  experimental  studies  of  mineral 
stabilities  suggest  that  common  igneous 
rocks  are  unstable  throughout  the  lower 
continental  crust,  we  must  turn  to 
metamorphic  assemblages  in  estimating 
lower  crustal  mineralogy.  .As  has  been 
shown  from  the  velocity  measurements  pre- 
sented in  this  paper,  the  range  of  lower  con- 
tinental crustal  velocities  can  readily  be 
explained  in  terms  ot  granulite-facies 
mineralogy. 

It  should  be  emphasized  that  seismic  ve- 
locity measurements  do  not  rule  out  the 
possibility  of  amphibolite-facies  rocks  as 
being  significant  or  even  dominant  con- 
stituents of  the  lower  continental  crust.  In 
addition  to  temperature  considerations,  the 
nature  of  regional  metamorphism  m the 
deep  crust  depends  upon  the  relation  of 
water  pressure  to  load  pressure  (see  Binns, 
1464,  for  review);  unfortunately,  present 
estimates  ot  the  distribution  of  water  in  the 
lower  crust  are  highly  subjective.  Ciompres- 


trianglc)  yield  estimates  of  mineralogy  for  west  Ontario  and  ('hurchill  province  velocity  models. 


sioiial  wave  velocities  at  h kb  lor 
amphibolite-laiies  rosks  reported  by  ( hris 
tensen  I 46s  vary  Irom  6. 1 s to  ~.~s  km 
sec.  which  IS  similar  to  the  variation  ob 
served  lor  granulite-lacies  rocks  Shear 
wave  velocities  ol  amphibolite-lacies  rocks 
( hristenseii.  |4hh.i  arc  also  comparable 
with  granulite  shear  wave  velocities. 

Because  ol  the  v.inabilitv  ot  niiiier.il 
composition  and  therefore  chemical  com- 
position implied  bv  lower  crust. il  seismic 
velocities,  any  estimate  ol  average  lower 
crustal  composition  based  on  seismic  ve- 
locities must  .iwait  a much  more  thorough 
study  ol  velocity  disoibutions  within  the 
crust.  It  IS  highiv  probable  that  in  some  re 
gions  the  lower  crust  consists  ol  granulite- 
facies  mmer.ilogv  ol  mterniediate  composi- 
tion. whereas  overall  compositions  in  other 
regions  might  be  much  dillereiit.  In  addi- 
tion to  regions  ol  relatively  unitorm  lower 
crustal  composition,  there  undoubtediv  are- 
areas  in  vv  hich  there  are  signihcam  vertical 
changes  in  composition  with  depth,  as  has 
been  discussed  lor  the  ( anadian  Shield. 
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titt'G  30  to  ItOj  Gct-peiit, i ni zf'd , unfUl'Tecl  gabbro,  nictngabbro  and 
mi'lnbanalt  all  have  vclocitier.  Gimilar  lo  obnerved  lower  cruntal 
velocltieG.  TtuiG  compreGGional  wave  velocity  meaGurements  alone 
will  not  diGtinguiGh  botw(.‘cn  the  various  crustal  models.  Although 
only  a limited  amount  of  retraction  data  on  chear  wave  velociticB 
(Vg)  are  available,  it  appears  that  lower  crustal  ToiGson's  ra- 


tios, calculated  from  and  V,.,  are  significantly  lower  tlian 


mcaGured  values  in  partially  scrpentini zed  peridotlte  and  unal’i.ered 
gabbro.  In  support  of  models  3 and  h it  is  shown  that  PoiSGon'c 
ratios  of  metabasalt  and  metagabbro,  on  the  other  hand,  agree  well 
with  seismic  data  from  the  upper  portion  layer  3.  The  low  I’oisson's 
ratios  reported  for  the  lower  crust  of  Iceland  (a,  0.27)  suggest 
tliat  metabasall  and  metagabbro  are  abundant  constituents  of  layer  3. 
The  7.^  km/sec  layer,  often  found  between  layer  3 and  oceanic  uf'per 
mantle  In  the  Pacific  Ocean,  is  interpreted  as  most  likely  being 
composed  of  peridotlte,  10  to  20%  Eerjientini zed , or  feldopathic 
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